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Introduction 
Dispersal and vicariance events are the major determinants of species’ distributions in space 
and time (Lomolino et al., 2010). Even though vicariance and continental movement may 
explain the distribution of many taxa (Cowie & Holland, 2006), there is a growing consensus 
that dispersal generally plays a fundamental role for the distribution and structuring of 
diversity (Muñoz et al., 2004; Nathan, 2006; Alsos et al., 2007; Proches & Ramdhani, 2013). 
Organisms having high dispersal capacities can easily overcome barriers and colonize new 
areas long distances away from their origin (Gillespie et al., 2012), and wide distribution 
ranges are indeed found in species such as birds, lichens and spore-producing plants 
(Schofield, 1988; Dahl, 1998; Proches & Ramdhani, 2013).  
Historical events affect movement of species, and current species distributions are heavily 
influenced by the Pleistocene glaciations (Hewitt, 2000). The Northern Hemisphere ice-sheets 
fluctuated greatly during the last glaciation, with the last glacial maximum about 20,000 years 
ago (Svendsen et al., 2004). In Europe, molecular studies of a wide range of organisms, 
including artic-alpine plants, have provided support to post-glacial colonization of northern 
Europe from southern or eastern refugia after the ice retreated (e.g. Taberlet et al., 1998; 
Hewitt, 1999; Ehrich et al., 2008; Tollefsrud et al., 2008; Alsos et al., 2009). The extent of in 
situ glacial survival in plants has been debated (Brochmann et al., 2003; Westergaard et al., 
2011), as extreme environmental conditions in glaciated areas make this seem unlikely. 
However, species able to survive in small populations may have existed in favourable 
microrefugia within the ice sheet (Holderegger & Thiel-Egenter, 2009; Rull, 2009) and in situ 
glacial survival likely explains the disjunct amphi-Atlantic distribution found in some plant 
species (Westergaard et al., 2011). However, many arctic and boreal vascular plants have 
currently relatively broad distribution patterns in the Northern Hemisphere, and this is to a 
large degree the result of long-distance dispersal after the LGM (Abbott & Brochmann, 2003; 
Brochmann et al., 2003; Alsos et al., 2007; Brochmann & Brysting, 2008). 
Microscopic organisms and organisms dispersing with microscopic propagules may differ 
from macroscopic organisms in distribution ranges and post-glacial history, because they 
theoretically can disperse across either hemisphere in short time (Wilkinson et al., 2012). In 
fact, a study from the southern hemisphere show that floristic similarities of spore-producing 
plants and lichens are correlated to wind directions, rather than distances (Muñoz et al., 
2004). Thus, barriers observed for macro-organisms may not apply for species with dispersal 
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units around 20 m. Lichens and spore-producing plants, for example ferns and mosses, 
reproduce by microscopic spores. Spore diameters are usually less than 40 m in bryophytes 
(Frahm, 2008) and lichens (Pentecost, 1981), and 60 m in ferns (Tryon, 1970). As numerous 
spores may be produced annually (Smith et al., 2006; Flatberg, 2013), a high number of 
spores probably participate in long-distance dispersal by wind. Among spore-producing 
organisms, extraordinary large distribution ranges are often found (Schofield, 1988; Frahm & 
Vitt, 1993; Lücking, 2003; Printzen, 2008; Werth, 2011; Xiang et al., 2015). Many species 
cover two or more continents, and sometimes they do occur in both hemispheres (Piñeiro et 
al., 2012; Fernandez-Mendoza & Printzen, 2013). Genetic studies have shown that these wide 
ranges are likely a result of recent long-distance dispersal (Fernandez-Mendoza & Printzen, 
2013; Lewis et al., 2014a), rather than vicariance. This has also been suggested for the few 
vascular plants that have bipolar distribution (Popp et al., 2011; Villaverde et al., 2015). The 
dispersal vector between the hemispheres has been suggested to be migratory birds, 
dispersing plant fragments or seeds from the Northern Hemisphere to the Southern 
Hemisphere (Popp et al., 2011; Lewis et al., 2014a; Lewis et al., 2014b). 
Bryophytes comprises liverworts (Marchantiophyta), mosses (Bryophyta), and hornworts 
(Anthocerotophyta) and presents the earliest land plants (Qiu, 2008). In bryophytes, the 
photosynthetic, haploid gametophyte is free-living and usually perennial, while the diploid 
sporophyte is short-lived and completely dependent on the gametophyte. Bryophytes are 
found to occupy a wide range of habitats, growing from the tropics to the arctic, often in 
highly stressful environments (Goffinet & Shaw, 2009). The most important trait for the 
extreme tolerance is their poikilohydric nature, meaning that cell water content is directly 
determined by that of the environment. Hence, bryophytes lack the ability to prevent 
dehydration, but are still able to resume metabolism when rehydrated (Proctor et al., 2007). 
Sexual system in bryophytes varies between monoicy (female and male gametangia are found 
at the same gametophyte) and dioicy (female and male gametangia are found on separated 
gametophytes).  
Bryophytes have in general wide distribution ranges (Schofield & Crum, 1972; Schofield, 
1988). For instance, 70% of moss species occurring in Europe, are also present in North 
America (Frahm & Vitt, 1993) as opposed to vascular plants, where only 6.5% of European 
species are shared with North America (Qian, 1999). There is generally a low degree of 
endemism in bryophytes even on archipelagos, with for example only 1.5% of bryophyte 
species found on the Canary Islands being endemic compared to 40% of angiosperms 
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(Vanderpoorten et al., 2010). Traditionally, the wide distribution ranges have been explained 
by the old age of bryophytes, being characterized as “unmoving, unchanging sphinxes of the 
past” (Crum, 1972), meaning vicariance is the main factor leading to shared species across 
several continents. By contrast, most studies based on molecular analyses, show that wide 
distribution ranges are caused by recent intercontinental dispersal events (Szövenyi et al., 
2008; Devos & Vanderpoorten, 2009; Kreier et al., 2010; Shaw et al., 2010; Vanderpoorten et 
al., 2010; Stenøien et al., 2011; Karlin et al., 2012; Piñeiro et al., 2012). Furthermore, 
populations found in widely separated regions can be genetically very similar (Szövenyi et 
al., 2008; Stenøien et al., 2011; Shaw et al., 2014a). 
On the other hand, cryptic species are found in spore-producing organisms (Shaw, 2001; 
Crespo & Lumbsch, 2010), meaning that there are genetically distinct groups within species, 
but with no obvious morphological differences. Bryophytes and lichens are morphologically 
simple organisms with rather few characteristics suitable for species determination. Thus, 
widespread species might be more restricted than detected so far by morphological analyses. 
However, when phylogenetically separated lineages are found, re-examination of a taxon may 
lead to the detection of suitable characters that support the phylogenetic signal (Szweykowski 
et al., 2005; Crespo & Pérez-Ortega, 2009). Still, this is not always the case, but genetically 
distinct lineages with no morphological distinction may be allopatric (Leavitt et al., 2012), 
meaning they occur in different geographical areas.  
Wide distribution ranges are also found among peatmosses Sphagnum L. (Bryophyta: 
Sphagnaceae), as species usually occur on two or more continents. For example, all but four 
European peat mosses are found in North America. The genus occur on all continents, except 
Antarctica, but are most abundant in the Northern Hemisphere. Peat mosses are the main 
plants in peatlands covering large areas in the northern boreal zone. As much as 1/3 of soil 
carbon is probably bound up in peatlands (Gorham, 1991), making Sphagnum one of the 
world’s most important carbon storing plant genera. The genus likely diversified when the 
climate cooled in the Miocene (Shaw et al., 2010), meaning that long-distance dispersal have 
shaped the wide distribution ranges recognised today. Sphagnum spores are released by a 
shot-gun mechanism that increases the release height above ground (Sundberg, 2010; 
Whitaker & Edwards, 2010). They disperse by a fat-tailed kernel, found to lead to genetic 
homogeneity on a regional scale (Szövényi et al., 2012). Sundberg (2012) estimated that as 
much as 1% of regional spore rain have intercontinental origin, indicating that genetic 
homogeneity might be found even on continental scales.  
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Genetic studies show that European and eastern North American populations are genetically 
similar and the Atlantic Ocean seems to be a weak barrier to gene flow (Hanssen et al., 2000; 
Thingsgaard, 2001; Szövenyi et al., 2008; Stenøien et al., 2011). Also, across the northern 
Pacific Ocean extensive gene flow was observed in S. miyabeanum Warnst. (Shaw et al., 
2014a), but in this species a barrier to dispersal was found to be situated in southern Alaska. 
On the other hand, no such barrier was recognised in the disjunctly distributed S. subnitens 
Russow & Warnst. (Karlin et al., 2011), as all plants along the western North American coast 
were found to be genetically identical. Thus, how Sphagnum plants generally are structured 
genetically in the Pacific region is unknown.  
Sampling the entire geographical distribution of a species, but also morphological and 
ecological variation, could strengthen phylogeographic studies (Pante et al., 2015). Broad 
sampling, including close relatives with a somewhat uncertain taxonomic status, for example 
only based on morphology, would increase the chance of correctly delineating the focal 
species (Pante et al., 2015). As most Sphagnum species are generally very widespread, it is 
important to sample specimens across the full distribution range to understand how spores 
may move across the entire Northern Hemisphere, especially between the Atlantic and Pacific 
region. However, few studies cover the entire distribution of circumboreal Sphagnum species 
or compare populations across the Northern Hemisphere continents. Whether genetic 
variation is homogenous across the Northern Hemisphere or whether there are barriers to 
dispersal on a global scale is currently unknown.  
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Aims of the thesis 
The purpose of this thesis was to study the phylogeography of Sphagnum species mainly 
occurring across the Northern Hemisphere having disjunct or somewhat continuous 
distributions. The main aim was to better understand how dispersal patterns affect the 
contemporary distributions and genetic structure in widespread spore-producing plants.  
 
Specifically, the aims of the thesis papers were: 
(1) Review the bryophyte history in Europe after the last ice-age and summarise insights 
concerning likely glacial refugia for bryophytes, identify major post-glacial colonisation 
routes, and discuss the probability of glacial survival within the ice-sheet (Paper I). 
(2) Test if life history traits (i.e., mating systems, spore production, and/or spore sizes), are 
associated with different geographical regions, range size, and genetic structure of European 
bryophytes based on meta-analyses of published results (Paper I). 
(3) Clarify the taxonomic status of two morphotypes within S. fuscum (dark and pale brown 
colour morphs) and compare them to the newly described North American species S. beothuk 
(Paper II). 
(4) Investigating the spatial genetic diversity and structure among several Sphagnum species 
to identify dispersal patterns and potential barriers in the Northern Hemisphere (Paper III and 
IV). 
(5) Examine if genetic diversity and structure are the same for disjunctly and continuously 
distributed species (Paper III). 
(6) Investigate the Northern Hemisphere-Southern Hemisphere disjunction of S. 
magellanicum, to evaluate where the South American plants have originated from (Paper IV). 
(7) Compare S. magellanicum and S. alaskense genetically to determine whether these 
morphologically similar species have the same ploidy level and evaluate their phylogenetic 
relationship (Paper IV). 
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Material and Methods 
The material gathering of this thesis was twofold. First, 26 phylogeographical studies of 31 
bryophytes published over 12 years were summarised to review the colonization history of 
bryophytes in Europe after the last glaciation (Paper I). In addition, meta-analyses was done 
on published data to test if life-history traits (sporophyte frequency and spore size) are 
associated with distribution ranges and genetic structuring in European bryophytes. Second, 
plant material from seven Sphagnum species were sampled for phylogeographic studies 
(Table 1), these were: S. angustifolium (Warnst.) C.E.O. Jensen, S. austinii Sull., S. fuscum 
(Schimp.) H. Klinggr., S. magellanicum Brid., S quinquefarium (Lindb.) Warnst., S. 
rubiginosum Flatberg, and S. wulfianum Girg. The species are continuously or disjunctly 
distributed around the Northern Hemisphere. In addition, S. alaskense R.E. Andrus & 
Janssens and S. beothuk R.E. Andrus, which has amphi-Pacific and amphi-Atlantic 
distributions, respectively, were included. These two species are morphologically similar to 
other species included: S. beothuk to the dark colour morph of S. fuscum (see below) and S. 
alaskense to S. magellanicum. However, these species has not yet been analysed genetically 
and their taxonomic status are somewhat uncertain, at least for S. beothuk. Sphagnum 
magellanicum has a bipolar distribution as it occurs in South America. The disjunctly 
distributed species, S. austinii, S. quinquefarium and S. rubiginosum, show oceanic affinity 
and are found at the Northern Hemisphere coasts (Figure 1). The distribution ranges of three 
continuously distributed species, S. angustifolium, S. fuscum, and S. wulfianum, are shown in 
Figure 2. These six species are assumed to have rather similar dispersal capacity, but their 
micro-habitat requirements vary from narrow to broad (Flatberg, 2013).  
I aimed at sampling specimens from as many localities as possible to cover the complete 
distribution ranges of the species (Figures 1 and 2). For this purpose, I used herbarium 
material from herbaria DUKE (Durham, USA), LN (St. Petersburg, Russia), MA (Madrid, 
Spain), MHA (Moscow, Russia), TRH (Trondheim, Norway), and UBC (Vancouver, 
Canada). By sampling from herbaria collections, most of the species habitat range and 
morphological variation were likely covered in addition to the full spatial distribution. One 
shoot was selected for DNA extraction from each chosen herbarium collection.  
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Figure 1: Distribution range (grey) and sampling location (black dots) of three disjunctly 
distributed Sphagnum species. Geographical regions are indicated by black lines. 
11 
Figure 2: Distribution range (grey) and sampling location (black dots) of three continuously 
distributed Sphagnum species. Geographical regions are indicated by black lines. 
12 
Morphological analyses (Paper II) 
Two colour morphs of S. fuscum and S. beothuk were examined for morphological diagnostic 
characters that separate them. Plants from both colour morphs were first screened for 
morphological characters suitable for species determination. Then, both quantitative and 
qualitative methods were applied to find differences. In the quantitative analysis, a mixed 
stand approach were applied, meaning that plants of the pale and dark colour morphs of S. 
fuscum growing next to each other were examined. Two mixed stand locations were used. 
From each location, five plants of both colour morphs of S. fuscum were picked and five stem 
leaves and five branch leaves measured. Thus, 50 leaves from each leaf type and morph were 
included in statistical analysis. Stem and branch leaves from both were measured in three 
ways: the full length of the leaves, the width at the middle of the leaves, and the width at the 
tip of the leaves (1/8 from the leaf tip). Altogether, five measurements were tested 
statistically: leaf length, leaf width (middle), leaf width (tip), ratio leaf length/leaf width 
(middle) and ratio leaf width (middle)/leaf width (tip). Leaf measurements were taken using 
the Leica DM6000 B transmission microscope, and photos were made applying the Leica 
Application Suite LASD V2.6 for stacking. Mixed models were used to analyses the 
characters, as the leaves from the same individual were not independent. All statistical 
analyses were done in the R Environment (R, Development Core Team. 2011). 
For the qualitative part, the same mixed stand collections were used to find other diagnostic 
characters than analysed using the quantitative method. This part mainly focused on pore 
patterns of the branch leaf hyalocysts.  
Herbarium plants were later examined to check if differences observed were universal. 
Additionally, characters observed in the field have been evaluated. 
Molecular analyses (Paper II, III, IV) 
DNA was extracted from a piece of the central part of the shoot apex of dried specimens. 
Extractions were performed using the CTAB protocol described in Shaw et al. (2003), 
DNeasy 96 Plant Kit (Qiagen, Oslo, Norway), or E.Z.N.A. SP Plant DNA Kit (Omega Biotek, 
Norway) following the manufacture’s protocol. 
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Altogether, 20 microsatellite markers developed for the genus Sphagnum were used (marker 
names are the same as in Shaw et al. (2008) and Stenøien et al. (2011)). Three to five markers 
were amplified in 8 l of multiplex reactions using Qiagen Multiplex PCR Kit (Qiagen, Oslo, 
Norway). Multiplex reactions consisted of 2.5 l multiplex mix, 1.7 l doubled distilled H2O, 
0.8 l primer mix, and 3 l DNA diluted 1:10 in doubled distilled H2O. Primer mixes were 
made based on expected microsatellite length and with three different fluorophores (HEX, 
FAM and NED) to avoid overlap between markers. The same thermocycling regime was 
implemented for all primer sets with an initial step at 95°C for 15 minutes, then 33 cycles at 
94°C for 30 seconds, 53°C for 90 seconds, and 72°C for 60 seconds, and lastly a final step at 
60°C for 30 minutes. 1 ȝL of PCR product, 8.85 ȝL of Hi-DiTM Formamide (Applied 
Biosystems, Norway) and 0.15 ȝL GSLizz500 where mixed for electrophoresis on an ABI 
3730 sequencer. Alleles were sized and genotyped using GENEMAPPER® software (Applied 
Biosystems).  
Phylogenetic relationships were investigated using DNA sequences. For this purpose, two loci 
from the plastid genome, trnL (UAA) 59 exon-trnF (GAA) and tRNA(Gly) (UCC), hereafter 
called trnL and trnG, respectively, were sequenced from a subset of samples of the total 
datasets. Three trnG sequences were obtained from each of S. fuscum, S. beothuk, S. 
quinquefarium and S. rubiginosum. Both genes were sequenced from 32 samples of S. 
magellanicum and S. alaskense. PCR amplifications were carried out using puReTaq Ready-
To-Go PCR Beads (Amersham Biosciences) in solutions of 22.8 L H2O, 0.1 L forward 
primer, 0.1 L reverse primer, and 2.0 L DNA extract. The PCR cycle profile was as 
follows: 95°C for 5 minutes, 51°C seconds for 45 seconds, 72°C for 45 seconds, with step 2 
and 3 repeated 35 times, 72°C for 5 minutes. For trnL, step 2 and 3 were as follows: 54°C 
seconds for 45 seconds, 72°C for 190 seconds. DNA sequences was aligned using ClustalW 
with default parameters in Mega 6.0 (Tamura et al., 2013). 
Statistical analyses (Paper II, III, IV) 
Samples occurring in the same geographical regions were pooled together in regional groups. 
Altogether six regional groups were defined; Europe, Eastern North America, Western North 
America, Asia, Central Russia, and South America. The number of regional groups used for 
each species varied according to distribution patterns in the species (see Figures 1 and 2). 
Genetic diversity estimates were obtained for regional groups in each species by calculating 
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number of polymorphic loci, expected heterozygosity (HE; Nei, 1987), and mean number of 
alleles. For S. magellanicum, genetic diversity measures were also estimated for specimens 
divided in genetic groups inferred by Structure (see below). To test for isolation-by-distance, 
Mantel tests were used to compare the relationship between genetic distance and geographical 
distance. Pairwise ĭPT (used for haploid data as an analogue to FST, Peakall et al., 1995) and 
Nei’s genetic distance (Nei, 1973) was estimated to investigate population structure in each 
species. Genetic distance measurements were estimated between both regional groups and 
genetic groups inferred by Structure (see below) in S. angustifolium, S. fuscum, S. 
magellanicum, S. quinquefarium, and S. rubiginosum. All above analyses were performed in 
GenAlEx 6.501 (Peakall & Smouse, 2006, 2012).  
Population structure in Sphagnum species was further investigated using principal coordinate 
analyses (PCoA) in GenAlEx 6.501 (Peakall & Smouse, 2006, 2012) and clustering analyses 
implemented in Structure 2.3.4 (Pritchard et al., 2000; Falush et al., 2003; Falush et al., 2007; 
Hubisz et al., 2009). The software Structure uses a Bayesian approach to identify genetically 
homogeneous clusters of individuals and the most likely number of such clusters in a datasets. 
The same analysis regime was used for all species, with 10 set as the maximum number of 
likely genetic clusters (K), using a burn-in period of 50,000 iterations followed by 200,000 
iterations (longer runs returned the same results), and replicating this step 10 times for each 
K-value. The analyses included the admixture and independent allele frequencies models 
using all samples in the datasets. Structure Harvester (Earl & vonHoldt, 2012) was used for 
collating and visualising likelihood values obtained from Structure. The mean likelihood of 
the K-value, standard deviation for each K, and ǻK (Evanno et al., 2005) were used to 
evaluate the likely number of genetic clusters in each species. Alignments of the different 
replicated analyses for the chosen K-values were made using the greedy option and 1000 
random input orders in the software Clumpp 1.2.2. (Jakobsson & Rosenberg, 2007). The 
program Distruct 1.1 (Rosenberg, 2004) was used to graphically display the Structure results. 
In paper IV the online version of Clumpak (Kopelman et al., 2015) was used for collating and 
visualising the results. In addition, the Best K option in Clumpak was used to estimate the 
most likely number of K.  
Divergence time between main genetic groups inferred in S. angustifolium, S. fuscum, S. 
magellanicum, and S. quinquefarium by Structure was estimated using IMa (Hey & Nielsen, 
2004). Preliminary test was performed following the recommendations in the user manual, 
while the full scale analyses were performed twice using 100,000 steps as burn-in followed by 
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at least 20 mill steps. A geometric heating scheme with parameters set to 0.8 and 0.9 and 30 
Metropolis-coupled chains was applied. The upper boundary for population sizes was set to 1 
and divergence time to maximum 5. Migration parameters were excluded to increase 
statistical power. 
Phylogenetic relationships were investigated using the Maximum Likelihood option in Mega 
6.0 (Tamura et al., 2013), adding 1000 bootstrap replications and the general time reversible 
substitution model (GTR).  
Results and Discussion 
There is a growing consensus that long-distance dispersal shape the wide distribution ranges 
found in many bryophytes (Muñoz et al., 2004; Szövenyi et al., 2008; Heinrichs et al., 2009; 
Piñeiro et al., 2012; Shaw et al., 2014b). My results show that Sphagnum species are 
genetically homogeneous across large geographical ranges, supporting long-distance 
dispersal. However, five studied species are genetically structured across their distribution 
ranges, showing limitations to dispersal probably due to cryptic barriers. A general trend 
seems to be that main differentiated genetic groups occur in the Atlantic (Europe and eastern 
North America) and Beringian regions (Alaska and Asia). As found for other Sphagnum 
species (Szövenyi et al., 2008; Stenøien et al., 2011; Shaw et al., 2014a), the results further 
indicate that the Atlantic Ocean and northern Pacific Ocean are weak barriers to dispersal in 
Sphagnum. However, continents seem to be more difficult to overcome.  
Bryophyte history in Europe after the last glacial maximum (paper I) 
Several refugia and post-glacial colonisation routes were recognised for European bryophyte 
species based on literature. Colonisation routes and contact zones in bryophytes resemble 
those found for other organisms (Taberlet et al., 1998; Hewitt, 1999). Some general trends are 
evident for bryophytes, and three main colonisation routes were recognised (Figure 1). 
Species colonising along the southern route (blue arrows in Figure 1) probably survived the 
LGM in southern Europe (Grundmann et al., 2007, 2008). High levels of genetic variation 
and unique genetic lineages are found along the western coast of Europe for some species, 
supporting a western route (green arrows in Figure 2), colonising unglaciated areas from the 
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western coast of mainland Europe (Vanderpoorten et al., 2008), southern parts of the British 
Isles (van der Velde & Bijlsma, 2003), but probably also from Macaronesia (Laenen et al., 
2011) and North America (Stenøien et al., 2011). Species colonising along the third route (red 
arrow in Figure 3),  likely survived in large non-glaciated areas east of the Scandinavian ice 
sheet (Hedenäs, 2012).  
Even though some trends were found, more studies are needed to conclude if these 
colonisation routes are general among bryophytes, as most of the recognised refugia and 
colonisation routes inferred are based on relatively few studies. Specifically, more data are 
needed of potential in situ glacial survivors to evaluate to what extent bryophytes have 
survived within the limits of the last glacial ice-sheet. Moreover, the wide distribution ranges 
and potentially high dispersal ability of many bryophyte species emphasises the need for 
broad geographical sampling in phylogeographical studies of bryophytes to evaluate the 
importance of glacial survival outside of Europa, with post-glacial colonisation of Europe. 
It seems like sporophyte and spore characteristics are associated with dispersal abilities in 
bryophytes (Sundberg, 2010). Thus, species having small spores and frequent sporophyte 
production should have wider distribution ranges than species with large spores and rare 
sporophyte production. The results of the meta-analyses performed here indicate that species 
with small spores indeed appear in more European regions than species with larger spores, but 
spore size was not significantly associated with FST–values between populations. On the other 
hand, FST–values were found to be significantly higher in species that rarely produce 
sporophytes compared to species with frequent spore production. The sample size for meta-
analyses were low. Hence, the results should be interpreted with caution.  
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Figure 3: Hypothesised colonisation routes, contact zones, and possible in situ glacial refugia 
of bryophyte species in Europe during and after the last glacial maximum. Three main 
colonisation routes, western, southern, and eastern, are indicated by green, blue and red 
arrows, respectively. Solid yellow fields indicate potential in situ refugia during the LGM. 
Delimitation of Sphagnum fuscum and S. beothuk (Paper II) 
The results show that the pale and dark brown colour morphs observed in European S. fuscum 
are genetically and morphologically distinct taxa with different distribution patterns. Thus, 
they should be treated as separate taxa. Moreover, we show that the original material 
underlying the name S. beothuk is conspecific with the European and North American 
material collected as the dark brown colour morph of S. fuscum.  
Morphological examinations, including quantitative analyses of specimens of both colour 
morphs collected from mixed stands and qualitative observations of herbarium material, 
reveal distinct differences in characters between the two colour morphs of S. fuscum. 
Characters associated with the dark colour morph are also found in S. beothuk. This support 
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that the dark colour morph is conspecific to S. beothuk. The stem leaf shape is usually a rather 
safe character for separating S. fuscum and S. beothuk when the average impression of several 
examined leaves from a plant is considered. However, the different pore pattern in the upper 
abaxial part of the branch leaf is the most diagnostic character separating the two species 
(Figure 4).  
Figure 4: Pore patterns in the upper abaxial part of the branch leaves of the dark (A and B) 
and pale (C and D) colour morphs of Sphagnum fuscum. The dark colour morph is conspecific 
with S. beothuk. 
Two genetic groups were inferred by the program Structure based on microsatellite data 
(Figure 5). Plants belonging to the pale colour morph of S. fuscum form one genetic group, 
while plants of the dark colour morph form another genetic group together with plants of S. 
beothuk. The phylogenetic relationship of the pale and dark colour morphs of S. fuscum 
within the subgenus Acutifolia were further analysed using sequences of the plastid gene 
trnG. The phylogenetic tree reveals that plants of the dark colour morph (S. beothuk) are 
separated from the pale colour morph of S. fuscum and other Acutifolia species by a long 
branch supported by a high bootstrap value (98%, results not shown). 
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Figure 5: Genetic structure of Sphagnum fuscum and S. beothuk inferred by the software 
Structure based on microsatellite data. Different colours indicate different genetic clusters. 
The thick lines separate different species and colour morphs, while the thin lines separate 
individuals. 
Sphagnum fuscum and S. beothuk differ in both distribution range and habitat preference. 
Sphagnum fuscum is found across the Northern Hemisphere mainly in the boreal zone. The 
current knowledge of the distribution range of S. beothuk includes the eastern coast of North 
America and the western coast of Europe, and it seems to be confined to the oceanic sections. 
In Britain and Ireland, S. fuscum and S. beothuk may occur at equal rates. Thus, it has a much 
more restricted distribution globally compared to several other oceanic Sphagnum species, 
that also occur in western North America and/or Asia (e.g. S. quinquefarium , S. rubiginosum 
(Flatberg, 1993), and S. austinii (McQueen & Andrus, 2007; Flatberg, 2013)). Only three 
other Sphagnum species are known to be amphi-Atlantic, making S. beothuk the fourth peat 
moss having this distribution. 
Genetic structure and diversity of widely distributed Sphagnum species (Paper III and 
IV) 
Genetic structure and diversity in seven Sphagnum species occurring continuously or 
disjunctly across the Northern Hemisphere were investigated. The results show that two 
species, S. austinii and S. wulfianum are genetically homogeneous throughout their 
distribution ranges. Between two and four genetic groups were recognised in S. angustifolium, 
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S. fuscum, S. quinquefarium and S. rubiginosum and these groups are geographically 
structured across the Northern Hemisphere (Figure 6). The main pattern seems to be that 
plants in the Atlantic region group together and are genetically different from plants from the 
Beringian region (Asia and Alaska). Plants from the Pacific Northwest (southern Alaska and 
southwards) group either with one of the two main groups (Atlantic in S. fuscum and S. 
rubiginosum, and Beringian in S. quinquefarium), or form a separate genetic group as in S. 
angustifolium.  
In S. magellanicum, a similar pattern was found. However, the structuring in this species is at 
the ploidy level in this species. Almost all northeast Asian and Alaskan samples are diploid, 
while plants collected other places are haploid. Thus, the Atlantic region consists of haploid 
plants and the Beringian region of diploid plants (Figure 7). Haploid plants are also found 
outside the Atlantic region, reaching the Pacific coast in both North America (south of 
southern Alaska) and southern Asia and occurring throughout South America. Altogether, five 
differentiated genetic groups were inferred among the haploid plants, all having different 
geographical distribution ranges (Figure 7). The diploid group consist of plants collected as 
both S. magellanicum and S. alaskense. Even though three genetic groups were inferred 
among the diploids, they do not correspond to species nor geography. Thus, the diploid plants 
likely consist of one large homogeneous genetic pool. To evaluate the taxonomic status of the 
diploid plants, a thorough examination of morphology and other molecular markers are 
needed. 
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Figure 6: Genetic groups inferred by the software Structure in five species of Sphagnum 
(species names are denoted above the histograms together with the likely number of genetic 
groups). Regional groups are indicated above the histograms, separated by thick black lines 
(the division of southern and northern plants in western North America is indicated with 
dashed lines). Geographic belonging of the samples are indicated below the histograms and 
geographic areas are separated by black lines. 
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Figure 7: The maps show genetic clusters based on microsatellite data of diploid S. 
magellanicum and S. alaskense (A) and haploid S. magellanicum (B) inferred by the Structure 
software. There are likely three genetic groups among the diploid data and five among the 
haploid data. There is no geographical structuring in the diploid data, while the haploid 
genetic groups have different distributions.  
The barriers found in Sphagnum species seems to be located on land, while oceans are 
seemingly weak barriers to gene flow. The patterns are somewhat opposite from those found 
in arctic vascular plants. In this group, oceans possess the strongest barriers together with the 
Ural Mountains in the Northern Hemisphere (Eidesen et al., 2013). Both continents appear to 
be barriers to gene flow in some Sphagnum species, while the same genetic group are found 
across North America, except eastern and northern Alaska, and Eurasia in other species. 
Among the species that are structured across Eurasia, there are no abrupt genetic discontinuity 
around the Ural Mountains. Rather, this mountain range seems to be a somewhat weaker 
barrier in Sphagnum compared to vascular plants. Since bryophyte spores are wind dispersed, 
it is not unlikely that the barriers observed are caused by wind directions in the Northern 
Hemisphere (sensu Muñoz et al., 2004), rather than physical barriers. There seems to be 
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frequent storms going from Asia towards Alaska, but avoiding the Pacific Northwest 
(Mendelsohn et al., 2012). This could form the strong barrier observed in southern Alaska. 
Similarly, wind crossing the Atlantic Ocean may disperse spores from eastern North America 
to Europe or the other direction. 
Plants of S. magellanicum in South America form two distinct genetic groups. However, all 
plants have identical plastid DNA as North American plants, indicating that establishment in 
South America happened relatively recently. The widespread moss Cinclidium stygium Sw. 
likely colonised Tierra del Fuego recently from the Northern Hemisphere (Piñeiro et al., 
2012). Recent dispersal from north to south has been hypothesised to have happen stepwise 
along the Andean mountain range or by migratory birds (Popp et al., 2011; Villaverde et al., 
2015). Recently, a Sphagnum fragment was found in the plumage of a bird migrating between 
the Northern and Southern Hemispheres (Lewis et al., 2014b), indicating that this could be a 
dispersal vector for bryophytes across the equator (Lewis et al., 2014a), including S. 
magellanicum. 
Genetic variation differs among species and regions. The least variable species is S. austinii, 
with one haplotype dominating Europe and being the only one present in North America. 
Similarly, all plants of S. subnitens along the coast of western North America share the same 
haplotype (Karlin et al., 2011), but this haplotype was not found elsewhere and the level of 
genetic variation found in Europa was comparable to other Sphagnum species. Thus, S. 
austinii is the most genetically uniform Sphagnum studied so far. Also, S. wulfianum are 
genetically depauperate. Both species have narrow habitat niches and available habitats 
during the last glacial maximum could have been scarce. Hence, they may have been going 
through severe bottlenecks recently. Current wide distribution ranges are likely due to recent 
long-distance dispersal events. On the other hand, S. rubiginosum also has narrow habitat 
range, but is more genetically variable. The species is currently found in the Beringian area, 
and could have survived there, in addition to somewhere else, maintaining higher levels of 
genetic variation during the last glacial maximum.  
Both S. angustifolium and S. magellanicum (the haploid plants) are continuously and widely 
distributed, and both species have broad habitat requirements. This could possibly explain the 
high genetic variation found in these species. However, differences in genetic variation found 
in vascular plants are sometimes connected to post-glacial history (e.g., Eidesen et al., 2007). 
Thus, glacial and/or post-glacial history is probably also shaping the genetic patterns 
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observed. Several genetic groups are observed in most of the Sphagnum species, and this may 
reflect historical events, such as survival in multiple refugia during the last glacial maximum 
(Beatty & Provan, 2010; Marr et al., 2012). The current distributions of genetic groups are 
likely shaped by long-distance dispersal, with wind being the main dispersal vector.    
Species within the genus Sphagnum are relatively young and they probably diversified in the 
Northern Hemisphere during the cooling of the climate in the Miocene (Shaw et al., 2010). 
Genetic differences found within the Sphagnum species may seem small, but they can 
nonetheless indicate ongoing or recent speciation in these widespread species. There seems to 
be little gene flow between Beringian and Atlantic genetic groups, and similarities may be due 
to incomplete lineage sorting. Thus, the widespread distribution ranges traditionally assumed 
for many Sphagnum species across the Northern Hemisphere may be more restricted than they 
appear. Instead of circum-boreal distribution, there may rather be two other wide ranges: one 
mainly covering Asia and Alaska (northe of southern Alaska) and one mainly covering the 
Atlantic regions, but with extensions into western North America (southern Alaska and 
southwards) and through Russia into southern Asia. 
Conclusion 
Although phylogeography of Sphagnum species is relatively well studied, genetic structuring 
was found within widespread species in this thesis. By sampling the full-scale range of 
widespread species, the results show that there are limitations to dispersal across the Northern 
Hemisphere in peatmosses. Specifically, there is little gene flow between plants in the 
Beringian (northern Pacific) and the Atlantic regions. My findings indicate that plants from 
genetically differentiated groups within species should be examined morphologically to 
determine whether the taxonomic status of such groups should be changed. The genetic 
differences detected may be an indication of recent or ongoing speciation. Thus, circum-
boreal distribution ranges in many Sphagnum species, may be more limited than assumed 
based on morphological uniformity. Rather, there seem to be two other broad ranges: one 
Beringian distribution which includes Asia and Alaska (except the southernmost part) and one 
broad Atlantic, spanning from western North America (from southern Alaska and southward), 
across the Atlantic region, through Russia into southern Asia. 
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Bryophytes have a long history in Europe, with fossils dat-
ing to the Miocene, about 23 million years ago (Frahm 
2004, Hedenäs and Bennike 2008, Lewis et al. 2008), 
resembling extant species. This suggests that some Euro-
pean species were exposed to multiple glacial cycles during 
the Quaternary. The extent of the northern European ice 
sheet ﬂuctuated greatly during the Pleistocene, and the last 
glacial maximum (LGM, ~20 000 year BP) was particu-
larly severe with the Weichselian ice sheet covering most 
of Fennoscandia and extending into mainland Europe 
and the British Isles (Svendsen et al. 2004). The Mediter-
ranean region (Taberlet et al. 1998) together with Asia 
Minor (Ansell et al. 2011) and central Europe (Provan 
and Bennett 2008) are recognized as refugia for a range of 
species during this period, acting as large-scale sources for 
recolonization of glaciated areas after the LGM.
An unknown fraction of extant species in northern are-
as may have survived glaciated periods within or at the pe-
riphery of the Weichselian ice sheet (in situ survival, Dahl 
1998). Even though extreme environmental conditions 
in glaciated areas make this seem unlikely, species able to 
survive in small populations may have existed in favour-
able microrefugia within the ice sheet (Holderegger and 
Thiel-Egenter 2009, Rull 2009). Recent studies support 
glacial survival of both arctic angiosperms (Westergaard 
et al. 2011) and conifers (Parducci et al. 2012) in Scandi-
navia during the LGM. Moreover, based on radiocarbon 
dating, Kullman (2008) concluded that Betula trees grew 
on Andøya in northern Norway approximately 17 000 
year BP. These ﬁndings support the in situ survival theory, 
long considered to be of minor relevance for explaining 
contemporary diversity in Scandinavia (but see Birks et al. 
2012). The in situ glacial survival hypothesis has been dis-
favoured because of little fossil evidence from areas within 
the ice sheet (Birks 1994, Paus et al. 2011), and molecular 
studies have found patterns compatible with post-glacial 
colonization for many species (Taberlet et al. 1998, Alsos 
et al. 2007). Molecular studies often depend on probabili-
ties of glacial survival based on observed patterns of ge-
netic structure, with low levels of differentiation between 
separated populations (measured by FST) indicating post-
glacial colonization. Low divergence between populations 
within and outside the ice sheet areas does not necessarily 
imply recent divergence, though, since this could also be 
.SHJPHSYLM\NPHHUKWVZ[NSHJPHSJVSVUPaH[PVUWH[[LYUZPU
,\YVWLHUIY`VWO`[LZ
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M. O. Kyrkjeeide (magni.kyrkjeeide@ntnu.no), H. K. Stenøien, K. I. Flatberg and K. Hassel, NTNU Univ. Museum, Norwegian Univ. of 
Science and Technology, NO-7491 Trondheim, Norway.
Most species are assumed to have survived south or east of the ice sheet covering northern Europe during the last 
glacial maximum. Molecular and macrofossil evidence suggests, however, that some species may have survived in 
ice-free areas in Scandinavia. In plants, inbreeding and vegetative growth are associated with low genetic load and 
enhanced survival in small, isolated populations. These characteristics are often found in bryophytes, possibly allow-
ing them to survive extreme conditions in isolated refugia and also within ice sheets. Here, we review the Holocene 
bryophyte history in Europe highlighting main glacial refugia and post-glacial colonization routes. Also, meta-
analyses are performed to investigate if distribution ranges and genetic structure are associated with life-history traits. 
Bryophytes survived the last glaciation in several refugia, but there is no unequivocal evidence of survival within 
the Scandinavian ice sheet. Northern Europe was colonized from southern, eastern and western Europe, as well as 
North America. Species with small spores have broader distribution ranges than species with large spores, and high 
frequency of sporophyte production is associated with limited genetic differentiation between populations. 
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caused by large ancestral sizes or recent gene ﬂow (Nielsen 
and Beaumont 2009). Alternatively, high FST could in-
stead of long-time survival result from little genetic vari-
ation within versus among populations (Stenøien et al. 
2011a, Kyrkjeeide et al. 2012). 
Populations of limited sizes often contain reduced 
adaptive variability and accumulated detrimental alleles, 
and organisms will have different capacities of surviving 
such conditions (Bhagwat and Willis 2008). Speciﬁcally, 
species with low genetic load and vegetative growth may 
have a high capacity to survive in small, stable microre-
fugia over time (Mosblech et al. 2011). Species able to 
survive in scattered microrefugia might also have been 
able to expand rapidly into glaciated areas when the ice 
retreated. Indeed, species surviving the LGM in central 
Europe are typically asexuals and generalists with small, 
wind-dispersed seeds, while species restricted to climati-
cally more favourable southern refugia usually reproduce 
sexually, are often specialists, and produce large seeds 
(Bhagwat and Willis 2008). 
If vascular plants survived in northern areas during 
the LGM (Westergaard et al. 2011, Parducci et al. 2012, 
Vorren et al. 2013), other plants should also have been 
able to survive the extreme environments in the north (cf. 
Stenøien et al. 2011a, b, Kyrkjeeide et al. 2012, Vorren 
et al. 2013). Bryophytes exhibit traits that might make 
them better suited than vascular plants for survival in 
small, northern refugia, including their poikilohydric 
nature, enabling survival through unfavourable periods 
(Proctor et al. 2007; see also Segreto et al. 2010). Further-
more, asexual reproduction is widespread in bryophytes 
(Frey and Kürschner 2011) and haploidy might enable 
efﬁcient purging of genetic load, even though inbreeding 
depression is also expressed during the diploid sporophyte 
stage (Taylor et al. 2007). Bryophytes have combined or 
separated sexes (monoicy and dioicy, respectively), and 
fertilization is limited by dispersal as spermatozoids must 
move through water. This may lead to low rates of sexual 
reproduction in dioicous species and possibly high levels 
of inbreeding in monoicous species (McDaniel and Per-
roud 2012). Inbreeding depression is expected to be low 
in plants where selﬁng is the dominant mating system 
(Lande and Schemske 1985), as demonstrated in a study 
using a moss model system (Taylor et al. 2007). Also, 
there are examples of bryophyte populations primarily 
established and maintained through vegetative diaspores 
(Pfeiffer et al. 2006), implying that bryophyte populations 
may be stable and expanding despite low levels of sexual 
reproduction. 
The spatial distribution of wind-dispersed organisms 
depends mainly on the size of propagules, and it has been 
suggested that microbes being ~20 ȝm or less should ef-
ﬁciently spread worldwide in a short time (Wilkinson et 
al. 2012). Bryophyte spore sizes typically range from 7 to 
100 μm (Frahm 2008) and they may easily be dispersed 
by wind (van Zanten and Pocs 1982, Muñoz et al. 2004). 
Sundberg (2012) trapped peat moss spores across a large 
spatial scale and concluded that a major fraction of spores 
are dispersed regionally in boreal areas, but as much as 
1% of the spore rain may have intercontinental origin. 
Wide distribution ranges in bryophytes suggest that they 
in general are exceptional dispersers (Szövenyi et al. 2008, 
Stenøien et al. 2011a). For instance, about 70% of moss 
species occurring in Europe are also present in North 
America (Frahm and Vitt 1993), while less than 7% of 
European vascular plant species are shared with North 
America (Qian 1999). There are few bryophyte endemics 
on various geographical levels, even on relatively small ar-
chipelagos, exempliﬁed by only 1.5% of bryophyte species 
on the Canary Islands being endemic compared to 40% of 
angiosperms (Vanderpoorten et al. 2010). 
Here we review phylogeographical studies of bryo-
phytes based on molecular marker information, and our 
aim is twofold. First, we want to review the bryophyte 
history in Europe after the last ice age and summarize 
insights concerning likely glacial refugia for bryophytes, 
identify major post-glacial colonization routes, and dis-
cuss the probability of glacial survival within the ice sheet. 
Second, we will, based on meta-analyses of published re-
sults, test if life history traits (i.e. mating systems, spore 
production and/or spore sizes), are associated with differ-
ent geographical regions, range size and genetic structure 
of European bryophytes.
4H[LYPHSHUKTL[HHUHS`ZLZ
Altogether, 26 phylogeographical studies of 31 bryophytes 
published over the last 13 years were summarized to review 
the colonization history of bryophytes in Europe after the 
last glaciation. All papers and species mentioned in the 
text and included in meta-analyses are listed in Table 1.
We tested if life-history traits (frequency of sporophyte 
production and spore size) are associated with presence in 
different regions of Europe, range size (i.e. number of Eu-
ropean regions a species is found in) and genetic structur-
ing. The number of bryophyte biogeographical regions of 
Europe varies between authors, but we follow Mateo et al. 
(2013), and recognise their Alpine, Atlantic and Boreal el-
ements, while merging the Mediterranean–Macaronesian 
and Continental elements. Altogether we distinguish four 
regions; the arctic, western, boreal and southern regions, 
and these regions were used to describe the range sizes of 
the reviewed species (Table 1). Spore size was estimated as 
mean spore diameter taken from the minimum and maxi-
mum spore diameter (references in Table 1). Two catego-
ries of frequency of sporophyte production were included 
in the analysis: rare (rare to occasional) and frequent (fre-
quent to abundant, Table 1). For species whose reproduc-
tion varies from rare to frequent between geographical ar-
eas, sporophyte production was set to be frequent. Mating 
system was not included in the analysis since the majority 
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of species in this dataset are dioicous. Genetic divergence 
among populations measured by the ﬁxation indexes FST 
(Weir and Cockerham 1984) and GST (Nei 1973), here-
after collectively called FST, was used to describe genetic 
structure. Whenever FST was measured twice (e.g. for dif-
ferent geographical scales or molecular markers), the mean 
value was used. In all analyses, the FST values were log 
transformed to obtain normal distribution of the data. Ȥ2-
tests and one-way ANOVA were performed to test if there 
were any associations between range sizes and life-history 
traits, and FST, respectively (Supplementary material Ap-
pendix 1). Furthermore, an analysis of covariance (AN-
COVA) was used to test the relationship between range 
size and spore sizes and frequency of sporophyte produc-
tion. Finally, we tested whether FST is associated with spore 
size and frequency of sporophyte production using linear 
regression and Welch t-test, respectively. Analyses were 
also performed at the genus level due to similar life-history 
traits within genera (see Supplementary material Appen-
dix 1 for results of analyses of phylogenetic constraints). 
Analyses were performed in the R environment.
9LZ\S[Z
9LM\NPHHUKWVZ[NSHJPHSJVSVUPaH[PVUYV\[LZPU
,\YVWL
Here we present a short overview of the southern, west-
ern, boreal and arctic ﬂoristic elements of Europe, give 
examples of species likely surviving the LGM in different 
regions, and also present likely post-glacial colonization 
routes (Fig. 1). Life-history traits and range sizes for all 
species considered are listed in Table 1. Table 2 gives an 
overview of different historical scenarios and how genetic 
patterns may indicate different scenarios.
;OLZV\[OLYULSLTLU[
The Mediterranean area is characterized by warm, dry 
summers and mild, wet winters, leading to a high fraction 
of the bryophyte ﬂora being winter ephemerals (Frahm 
2010), and the majority of species being acrocarpous 
(Størmer 1983). In the mountain areas, the species com-
position largely overlaps with that found in more central 
parts of Europe (Frahm 2010). The Mediterranean is not 
a worldwide hot-spot of species diversity for bryophytes 
as it is for vascular plants and vertebrates, probably due to 
the arid climate (Gofﬁnet and Shaw 2009). 
Southern populations of Pleurochaete squarrosa (Brid.) 
Lindb. are more variable than northern populations 
(Grundmann et al. 2007, 2008), a pattern resembling that 
of several southern European vascular plants (Taberlet et 
al. 1998). Pleurochaete squarrosa seems to have survived in 
the Mediterranean Basin and later colonized northwards ;H
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from both the Iberian Peninsula and the Balkans, hence a 
contact zone is recognized in central Europe (Grundma-
nn et al. 2007, 2008). Also, Leucodon sciuroides (Hedw.) 
Schwaegr. (Cronberg 2000, Stech et al. 2011) has higher 
genetic diversity in southern versus northern populations. 
Homalothecium sericeum (Hedw.) Schimp. also shows 
high genetic variation in the Mediterranean region, but 
high levels of unique haplotypes on the British Isles and 
adjacent mainland, indicate that this species may also have 
had a western refugium during the LGM (Hedderson and 
Nowell 2006). The authors estimate divergence between 
British Isles and mainland populations to have occurred 
0.45 Myr ago (i.e. long before the LGM). Désamoré et 
al. (2012) found northern refugia the most likely origin 
of the northern European colonization. Haplotype groups 
restricted to southwestern genetic clusters are also found 
in Kindbergia praelonga (Hedw.) Ochyra, suggesting 
southern survival, whereas the most widespread haplo-
type group probably survived in other, larger refugia and 
colonized all of Europe after the LGM (Hedenäs 2010a). 
Antitrichia curtipendula (Hedw.) Brid. has one widespread 
haplotype group throughout the distribution range, mak-
ing refugia hard to localize, while another haplotype group 
is more restricted to western Europe, indicating that it 
colonized fewer available areas after the LGM (Hedenäs 
2008a).
Hutsemékers et al. (2011) compared genetic variation 
of island and mainland populations of the southern tem-
perate moss Platyhypnidium riparioides (Hedw.) Dixon us-
ing Macaronesian, southwestern European, and north Af-
rican populations to test if islands can act as source rather 
than sink to mainland. The authors found no indication of 
bottlenecks in the island population and argued that these 
archipelagos might have been important in post-glacial 
colonization of Europe. Also, no monophyletic haplotype 
groups were observed within Macaronesia in the temperate 
Grimmia montana Bruch & Schimp., most likely due to 
transatlantic gene ﬂow (Vanderpoorten et al. 2008). The 
authors found that the root of their inferred haplotype 
network was close to haplotypes residing in south-western 
Europe and the Canary Islands, and, hypothesised that the 
species could have survived the LGM there.
;OL^LZ[LYULSLTLU[
The western element is found along the Atlantic coast, 
containing so-called atlantic vascular plants and oceanic 
bryophytes. The distribution of atlantic vascular plants 
Figure 1. Hypothesized colonization routes, contact zones, and possible in situ glacial refugia of bryophyte species in Europe during 
and after the last glacial maximum. Three main colonization routes, western, southern, and eastern, are indicated by green, blue and 
red arrows, respectively. Solid yellow ﬁelds indicate potential in situ refugia during the LGM.
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correlates mostly with winter temperatures, while oceanic 
bryophytes are mainly constrained by amount and fre-
quency of rainfall (Dahl 1998). Consequently, the highest 
bryophyte species richness of the western element occur 
in areas with frequent precipitation, i.e. the British Isles 
and southwestern Scandinavia (Dahl 1998), areas mostly 
covered by ice during the LGM. There are many species 
conﬁned to the northwestern Atlantic coast of Europe and 
there are even a few endemic species in this area, such as 
the liverwort Lepidozia pearsonii Spruce and the mosses 
Anoectangium warburgii Crundw. & M.O. Hill and Weis-
sia perssonii Kindb. (Dahl 1998). Some of the oceanic spe-
cies found in Europe have disjunct occurrences along the 
western coast of North America and the Himalayas, but 
lack specialized vegetative diaspores and do not reproduce 
sexually (Damsholt 2002), making recent long distance 
dispersal less likely. The oceanic species may have escaped 
harsh climate during the last glaciation by surviving in ice-
free areas between the British Isles and the mainland now 
situated below current sea level (Frahm 2012). This sce-
nario has also been suggested as an explanation of the pres-
ence of unique AFLP markers in the British populations 
of the temperate herb Meconopsis cambrica Vig (Valtueña 
et al. 2012).
The endemic allopolyploid Sphagnum troendelagi-
cum Flatberg known from coastal central Norway, has a 
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probable origin before the LGM (Stenøien et al. 2011b). 
This could indicate glacial survival in Scandinavia, but it 
could also mean that the species originated outside the 
ice sheet and colonized Norway after the ice retreated 
(Stenøien et al. 2011b). A similar scenario has been sug-
gested for another amphi-Atlantic peat moss, Sphagnum 
angermanicum Melin, with European populations only 
found in Norway, Sweden and Iceland. Two genetic clus-
ters have been recognized in this species in European and 
North American populations, both occurring on the two 
continents (Stenøien et al. 2011a). One linage may have 
colonized Europe from North America before the LGM 
(~40 000 year BP) and the other after the LGM, and S. 
angermanicum may have survived the LGM in a southern 
cryptic refugium where it later went extinct after coloniz-
ing Scandinavia (Stenøien et al. 2011a). North American 
origin could also be suggested for S. afﬁne Renauld & Car-
dot, as higher genetic variation is found along the eastern 
coast of North America than in Scandinavia (Thingsgaard 
2001). 
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The boreal region is dominated by coniferous forest and 
bryophytes composition broadly overlaps with that found 
in central Europe, though the latter is more diverse due to 
warmer climate (Størmer 1983). There are few endemic 
boreal bryophytes in Europe (e.g. the mosses Cynodontium 
suecicum (Arnell & C.E.O. Jensen) I. Hagen and Schistid-
ium bryhnii I. Hagen (Dahl 1998)), and many species are 
circumboreal (Frahm 2012). Most of Russia, except the 
westernmost parts and north-western coast, remained ice-
free during the LGM (Svendsen et al. 2004). Molecular 
studies support the hypothesis of glacial refugia east of the 
ice for several vascular plants (Ehrich et al. 2008, Tollefs-
rud et al. 2008), implying that the area also was suitable 
for a range of bryophytes during the LGM.
As an example, the boreal peat moss Sphagnum wulﬁ-
anum Girg. is hypothesised to have colonized Scandinavia 
from the southeast and perhaps also from eastern refugia, 
even though some uncertainty exists due to low genetic 
variation and hence low conﬁdence as to where glacial re-
fugia could have been situated (Kyrkjeeide et al. 2012). 
Small populations of Sphagnum capillifolium (Ehrh.) 
Hedw. seem to have survived the last glaciation in the 
Balkan mountains, but the distinct haplotypes found here 
suggest that this area was not the source for postglacial 
colonization of northern Europe (Natcheva and Cronberg 
2003). Also, one of the European cryptic species of Hama-
tocaulis vernicosus (Mitt.) Hedenäs (Hedenäs and Eldenäs 
2007) may have survived in southern refugia during the 
LGM. Another cryptic species has a more northern distri-
bution and one main haplotype, spread throughout the 
distribution range.
Several refugia have been hypothesized for Sphagnum 
squarrosum Crome, and three genetic clusters are found 
in this species (Szövenyi et al. 2006, 2007). However, the 
clusters are only weakly structured in Europe, possibly due 
to extensive gene ﬂow. Sphagnum ﬁmbriatum Wilson on 
the other hand, is found to be highly structured in one ‘At-
lantic’ and one ‘non-Atlantic’ clade (Szövenyi et al. 2006, 
2007). The Atlantic clade likely survived the LGM along 
the western coast and is currently found from southern 
England to northern Spain, while the non-Atlantic clade 
is widespread in Europe and probably recolonized the 
continent rather rapidly after the LGM. This discrepancy 
between lineage distributions could be explained by the 
widespread clade being able to ﬁll niches becoming availa-
ble after the ice retreated, while the Atlantic clade possibly 
was unable to do the same, and hence became restricted to 
the southwestern coast of Europe (Szövenyi et al. 2007). 
Southwestern refugia have been suggested for bryo-
phytes with wide distribution ranges, i.e. not restricted to 
the western element. van der Velde and Bijlsma (2003) 
studied ﬁve Polytrichum species in Europe and found low 
levels of genetic structure in four of them, suggesting that 
gene ﬂow is high enough to prevent genetic differentiation 
between European populations. In contrast, P. juniperi-
num Hedw. may have had a unique evolutionary history, 
with recolonization of Europe occurring from two refugia, 
one being western, possibly in southern parts of the Brit-
ish Isles. Western genetic lineages in both P. juniperinum 
and S. ﬁmbriatum are geographically restricted, indicat-
ing that recolonization of the European mainland from 
western refugia was limited. On the other hand, coloniza-
tion from western refugia does not seem to be limited in 
the liverwort Radula lindenbergiana Gottsche ex Hartm., 
which is found to be more variable in western versus east-
ern Europe, with most diversity found in Macaronesia 
(Laenen et al. 2011). 
Some boreal bryophytes maintain their highest diver-
sity in northern areas. Hedenäs (2009a) found higher 
haplotype variation in Scandinavia versus southern and 
central Europe in Sarmentypnum exannulatum (Shimp.) 
Hedenäs. The lineages found in southern and central Eu-
rope may have survived the LGM there and later colo-
nized northern Europe. However, other lineages found 
in Scandinavia were hypothesised to have survived in 
northern and/or immigrated from northeastern refugia 
(Hedenäs 2009a), a scenario also suggested for Scorpid-
ium cossonii (Schimp.) Hedenäs and S. scorpioides (Hedw.) 
Limpr. (Hedenäs 2009b). The cosmopolitan Sanionia 
uncinata (Hedw.) Loeske also has higher genetic varia-
tion in northern versus southern European populations, 
indicating colonization of northern Europe from several 
refugia, including northeastern ones (Hedenäs 2010b). 
Alternatively, the species may have survived in ice-free ar-
eas in Scandinavia. Furthermore, a global study of S. unci-
nata showed that haplotype diversity was highest in east-
ern Eurasia, indicating more severe bottlenecks in western 
compared to eastern European populations during glacial 
periods (Hedenäs 2012). One haplotype group, found in 
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Africa, western Europe, and southeast Greenland, prob-
ably colonized northern Europe from southern or western 
rather than northeastern glacial refugia. 
;OLHYJ[PJLSLTLU[
The European arctic bryophyte ﬂora belongs to a wider 
circumarctic ﬂoristic element spanning the polar part of 
the northern hemisphere and consists of species restricted 
to the arctic (e.g. Sphagnum arcticum Flatberg & Frisvoll), 
but also occurring in some alpine areas further south 
(Steere 1978, e.g. Rhizomnium andrewsianum (Steere) 
T.J. Kop.). One such European endemic is Orthothecium 
lapponicum (Schimp.) C. Hartm. (Dahl 1998), and this 
species may be an ancient relict that survived in large ice-
free areas, potentially Beringia, since the Tertiary (Steere 
1978). Northeast Russia and northwest America re-
mained ice-free during the Pleistocene, and fossil and mo-
lecular data show that this area served as a large refugium 
for arctic vascular plant species (Abbott and Brochmann 
2003). For northern species, long distance dispersal may 
be common, and colonization of the arctic may prima-
rily be limited by establishment opportunities (Alsos et al. 
2007). Few phylogeographic studies of arctic areas have 
included bryophytes, but the four species in the arctic and 
boreal moss genus Cinclidium Sw. are found to have iden-
tical haplotypes throughout large areas, suggesting recent 
dispersal as the main mechanism shaping the circumpolar 
distribution in this genus (Piñeiro et al. 2012). It is pres-
ently unknown where glacial refugia for these species may 
have been located. Good dispersal ability is also suggested 
for Scorpidium cossonii occurring in the arctic (Hedenäs 
2009b).
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Nunataks existing in glaciated areas of Alaska and 
Greenland today hold several species, including lichens, 
bryophytes, vascular plants, and insects (Heusser 1954, 
Gjærevoll and Ryvarden 1977). Nunataks or other ice-
free refugia probably also existed along the coast of Nor-
way and the island Andøya, which were partly ice-free 
during the LGM (Mangerud et al. 2011, Vorren et al. 
2013). 
Although studies of bryophytes have found unique ge-
netic lineages in Scandinavia for some species (e.g. Radula 
lindenbergiana, Sanionia uncinata, Sphagnum angermani-
cum and S. wulﬁanum) no studies have unequivocally con-
cluded that in situ glacial survival has taken place (Laenen 
et al. 2011, Hedenäs 2012, Kyrkjeeide et al. 2012), even 
though it seems likely (Stenøien et al. 2011a, b). In the 
study of Sanionia uncinata, global sampling was applied 
and one of the haplotype groups recognized occur only in 
Scandinavia and Svalbard (Hedenäs 2012). The haplotype 
group was suggested to have survived in a cryptic northern 
glacial refugium south of the ice sheet, but these results 
do not preclude that S. uncinata could have survived on a 
nunatak somewhere within the ice sheet. 
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There is no signiﬁcant association between different Eu-
ropean regions and life-history traits or FST, respectively 
(see Supplementary material Appendix 1for results). The 
interaction between spore size and sporophyte production 
is non-signiﬁcant, hence, likelihood ratio tests were used 
to ﬁnd the best model explaining range size (for details 
regarding model test, see results in Supplementary ma-
terial Appendix 1). The most parsimonious model only 
includes spore size as an explanatory variable, and linear 
regression was used to test the relationship between range 
size and spore size. There is a signiﬁcant effect of spore 
size on range size (DF = 27, MS = 0.99, F = 9.05, p = 
0.006, Fig. 2): species with small spores appear in more 
regions than species with larger spores. On the other hand, 
spore size is not signiﬁcantly associated with FST between 
populations (DF = 13, MS = 0.46, F = 1.72, p = 0.21). 
FST is found to be signiﬁcantly higher in species that rarely 
produce sporophytes (mean = 0.36) compared to species 
with frequent spore production (mean = 0.16, t = –2.36, 
DF = 7.43, p = 0.048, Fig. 3, the means are given using 
untransformed FST). The results were not signiﬁcant at the 
genus level (results in Supplementary Material Appendix 
1), but this may be due to very low sample sizes.
Figure 2. Relationship between the spore size of a bryophyte spe-
cies and the number of European regions in which it occurs. 
Species with small spores occur in more regions than species with 
large spores (R2 = 0.25, F1,27 = 9.05, p = 0.006).
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There seems to be different responses among different 
bryophyte species to climate change after the LGM, with 
several refugia and several post-glacial colonization routes. 
For many bryophyte species, more than one glacial refu-
gial area is suggested, indicating that a species could have 
survived virtually anywhere. For example, Drepanocladus 
aduncus (Hedw.) Warnst. had potential refugia along the 
Atlantic coast, in the Alps, southeastern Europe, east of 
the ice sheet, and Scandinavia (Hedenäs 2008b). Never-
theless, some general trends are evident, and three main 
colonization routes are recognized (Fig. 1). First, a south-
ern route (blue arrows in Fig. 1) representing bryophyte 
species like Pleurochaete squarrosa (Grundmann et al. 
2007, 2008) and Leucodon sciuroides (Cronberg 2000), 
that likely survived the LGM in southern Europe (Iberian 
peninsula, Italy and the Balkans). Second, high levels of 
genetic variation and unique genetic lineages are found 
along the western coast of Europe for some species, sup-
porting a western route (green arrows in Fig. 1) with refu-
gia in Macaronesia (e.g. Radula lindenbergiana (Laenen et 
al. 2011) and Platyhypnidium riparioides (Hutsemékers et 
al. 2011)), southwestern European mainland (e.g. Grim-
mia montana (Vanderpoorten et al. 2008)), south in the 
British Isles (e.g. Polytrichum juniperinum (van der Velde 
and Bijlsma 2003)), and also North America (e.g. Sphag-
num angermanicum (Stenøien et al. 2011a)). Third, the 
large non-glaciated area east of the Scandinavian ice sheet 
seems to have served as a refugium resulting in an eastern 
route (red arrow in Fig. 1). Sanionia uncinata (Hedenäs 
2012), Sarmentypnum exannulatum (Hedenäs 2009a), 
and Sphagnum wulﬁanum (Kyrkjeeide et al. 2012) likely 
recolonized northern Europe along such an eastern route. 
The two former species also recolonized along the south-
ern route, making Scandinavia a contact zone for some 
species. 
In addition to the three routes recognized, there may 
possibly be a ‘northern route’ from refugia located within 
the ice sheet (yellow dots in Fig. 1). The few signs of in 
situ glacial bryophyte survivors could imply that this has 
occurred only rarely, that our tools for inferring glacial 
survival are too imprecise, or, as an extension, it could also 
be that ancient genetic variants are regularly swamped 
by post-glacial colonizers. Genetic swamping implies re-
moval of genetic signals of glacial survival (e.g. the pres-
ence of old alleles and genetic differentiation from other 
populations), and this phenomenon could be particularly 
pronounced in organisms with high dispersal capacity. 
Due to the small spore sizes and potentially high disper-
sal abilities of many bryophytes, one may expect genetic 
swamping to be a potential problem in studies aimed at 
detecting glacial refugia. It is also worth keeping in mind 
that mutation models profoundly affect historical time 
estimates, and estimated divergence time between Sphag-
num angermanicum populations would be more recent, 
perhaps more recent than the LGM, if actual mutation 
rates are higher than the approximations used in the cal-
culation of divergence time (Stenøien et al. 2011a). The 
most likely glacial refugia of S. angermanicum would in 
that case be in North America, not southern Europe or 
in situ. Mutation rate would also affect estimated species 
age (e.g. Sphagnum troendelagicum, Stenøien et al. 2011b), 
and speciation after the LGM could explain endemics in 
previously glaciated areas. To our knowledge, marker mu-
tation rates are quite low in many bryophytes (cf. Stenøien 
2008), but it is pivotal for future phylogeographic studies 
to obtain more precise measures of mutation rates of the 
markers employed. More studies are needed to assess the 
importance of northern refugial populations, including 
studies of arctic species occurring in harsh environments 
and species known as macrofossils from ice-free areas in 
Scandinavia (Vorren et al. 2013). 
Care must be taken when inferring refugia, plausible 
range expansions and other factors from genetic data 
(Table 2). Range expansion typically leads to a decline in 
heterozygosity with increasing distance from the ancestral 
populations, as well as increased frequency of speciﬁc al-
leles through genetic surﬁng (Slatkin and Excofﬁer 2012). 
High levels of genetic variability will often provide infor-
mation for hypothesizing where refugial areas have been 
located (Hewitt 2004), but this association between age 
and levels of variability will not always hold. For instance, 
rapid population growth may cause increased probability 
of maintaining genetic polymorphisms (Waxman 2012), 
and differences in population size ﬂuctuations could ex-
Figure 3. Relationship between FST-values between populations 
of bryophytes and the frequency of sporophyte production (rare 
and frequent) in 14 bryophyte species. Bryophytes reproducing 
frequently (mean = 0.16) seem to be less genetically differenti-
ated than bryophytes reproducing rarely (mean = 0.38, t = –2.49, 
DF = 7.73, p = 0.04).
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plain at least part of the observed differences in genetic 
variability levels among populations. Also, if an area has 
acted as a contact zone, with high genetic variation caused 
by immigration of multiple lineages during colonization, 
then levels of variation may be misleading for pinpoint-
ing populations of origin (Hassel et al. 2005, Provan and 
Bennett 2008). On the other hand, refugial populations 
may have a higher level of unique haplotypes than rec-
olonized regions (Ehrich et al. 2008), and the latter may 
often contain only a few very different haplotypes (Provan 
and Bennett 2008, Ansell et al. 2011). Similarly, ancient 
haplotypes that are closely related to one another can 
sometimes be found in refugial areas, as demonstrated in 
vascular plants (Ansell et al. 2011).
It has been hypothesized that sporophyte and spore 
characteristics should be associated with dispersal abili-
ties in bryophytes (Sundberg 2010). Thus, bryophytes 
reproducing frequently with small spores should have 
wider distribution ranges than species that reproduce 
rarely and/or have large spores. Indeed, the results of the 
meta-analyses performed here indicate that species with 
small spores have wider distribution ranges in Europe 
than species with large spores. This indicates that spore 
size may be important for long distance dispersal events 
to occur and that spore sizes may explain the wide dis-
tribution ranges of bryophytes on a global scale. On the 
other hand, frequency of sporophyte production seems to 
be more important than spore size in preventing genetic 
differentiation, as species that produce spores frequently 
have lower FST between populations than species that pro-
duce spores rarely. No such pattern is found between FST 
and spore size. Moreover, no association is found between 
European regions and life-history traits and FST, respec-
tively. This could be due to species being geographically 
limited by other factors than the ones we studied, such 
as temperature or precipitation. This could also be an ef-
fect of low sample size, since most species included in the 
meta-analyses occur in two or more elements. 
In general, we cannot rule out the possibility that the 
observed pattern in bryophytes to some extent could be 
inﬂuenced by sampling bias, since sampling was conduct-
ed on different geographical scales in the various studies 
included and different molecular markers have been used. 
There are also problems with relatively few species being 
included in the test, many of them belonging to the same 
genera. Recently, Szövényi et al. (2012) showed that dis-
persal of Sphagnum spores are likely highly efﬁcient and 
can be approximated by a random colonization model 
preventing genetic structuring on regional scales. Several 
bryophyte species reviewed here have one or more haplo-
types that are widespread throughout Europe (Werner and 
Guerra 2004, Vanderpoorten et al. 2008, Hedenäs 2012, 
Kyrkjeeide et al. 2012), indicating that little genetic struc-
ture may also be found on a broader geographical scale. 
Also, Sundberg (2012) found that spore size did not have 
a large inﬂuence on dispersal abilities in Sphagnum. These 
ﬁndings ﬁt well with our results as we found no signiﬁcant 
relationship between spore size and FST. Dispersal ability 
does not seem to explain why one or a few haplotypes 
are widespread while others are limited geographically. It 
might be that some haplotypes were faster at occupying 
available habitats when the climate changed or that spore 
production has been more successful in these haplotypes. 
*VUJS\ZPVU
Eastern, southern and western refugial areas similar to 
those found in vascular plants seem to have harboured 
bryophytes during the LGM, and colonization routes 
and contact zones in bryophytes resemble those found 
for other organisms. More studies are needed to conclude 
if these are general trends among bryophytes, as most of 
the recognized refugia and colonization routes are in-
ferred based on relatively few studies and hence, a lim-
ited number of species. Speciﬁcally, more data are needed 
regarding potential survivors of ice-free refugia in arctic 
areas and potential nunatak areas in Iceland, Scotland, 
Faeroe Islands and Norway, to elucidate to what extent in 
situ glacial survival occurred during the LGM. Applying 
statistical phylogeographical methods (Knowles 2009) for 
estimating historical demographic parameters seems to be 
a promising way to infer more accurately the evolutionary 
history of bryophytes. The wide distribution ranges and 
potentially high dispersal ability of many bryophyte spe-
cies emphasises the need for broad sampling in phylogeo-
graphical studies of bryophytes to study the importance 
of glacial refugia also outside of Europe for post-glacial 
colonization of this continent. 
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Ȥ2-tests and ANOVA 
Ȥ2-tests were performed to test if different bryophyte regions in Europe (southern, western, 
boreal, and arctic) are associated with specific life-history characteristics, i.e. frequency of 
sporophyte production (Tables S1 and S2) and spore size (Tables S3 and S4). One test was 
performed for frequency of sporophyte production and spore size, respectively, including all 
species recorded for each geographic region they occur. For all Ȥ2-tests (see below), spore sizes 
were divided in two categories, small and large, with the limit between small and large spores being 
set to 20 m (During, 1979). There are too few species occurring in only one element to do a 
separate test including only these species (Tables S2 and S4). In addition, one-way ANOVA 
was performed to test if the four floristic elements are characterized by different levels of 
genetic structuring as measured by overall FST values (log transformed), including all species’ 
FST recorded for each of the elements the species occur in.  
There is no significant association between floristic elements in Europe and frequency of 
sporophyte reproduction (Ȥ2=0.32, d.f.=3, p-value=0.96), spore size (Ȥ2=5.02, d.f.=3, p-
value=0.17), or FST (d.f.=42, R2=0.02, p=0.87, Table S5). 
 
Table S1 Number of species producing sporophytes frequently and rarely of four floristic 
elements in Europe.  
Region 
Reproduction 
frequent 
Reproduction 
rare 
southern 10 7 
western 11 11 
boreal 13 12 
arctic 10 9 
Table S2 Frequency of sporophyte reproduction in species occurring in only one floristic 
element. 
Region 
Reproduction 
frequent 
Reproduction 
rare 
southern 0 1 
western 0 1 
boreal 0 1 
arctic 0 2 
Table S3 Number of species having small or large spores in four floristic elements of Europe.  
Region Small spores Large spores 
   
southern 16 2 
western 15 8 
boreal 16 10 
arctic 11 8 
   
 
Table S4 Spore size of species occurring in only one floristic element. 
Region Small spores Large spores 
   
southern 1 0 
western 0 1 
boreal 0 1 
arctic 0 2 
   
 
Table S5 Degrees of freedom (d.f.), sum of squares (SS), mean of squares (MS), F-value, and 
p-value for the ANOVA analysis of floristic elements and FST values. 
 
d.f. SS MS F-value p-value 
Elements 3 0.32 0.11 0.24 0.87 
Residuals 42 18.60 0.44 
  
Model testing 
To find which variables best explain distribution ranges in bryophytes, different models were 
compared using likelihood ratio tests. The models include distribution range (calculated as 
number of regions in which a species is found) as the response variable and spore size (mean 
spore diameter) and frequency of sporophyte production (rare or frequent) as explanatory 
variables. The different models are listed below. 
Model 1: Regions~Spore size*Sporophyte production 
Model 2: Regions~Spore size+Sporophyte production 
Model 3: Regions~Spore size 
Model 4: Regions~Sporophyte production 
There is no significant difference between Models 1, 2 and 3, but Model 4 is significantly 
worse than Model 2 (Table S6). The simplest model (Model 2) of the two best ones was thus 
chosen for further analysis of distribution range. 
Table S6 likelihood ratio test between different models explaining distribution ranges in 
bryophytes. For model explanation see text. Only Model 3 and 4 is significantly worse than 
the others. 
 Source d.f. F p 
Model 1 vs Model 2 26 0.38 0.545 
Model 2 vs Model 3 27 4.13 0.052 
Model 2 vs Model 4 27 6.79 0.015 
        
 
 
Analyses of phylogenetic relationship 
Fig. S1 shows the spore size of species included in the meta-analyses performed in this review 
(see main text for details on statistical methods employed). Species that belong to the same 
genus tend to cluster regarding spore sizes, indicating that the data points are not independent 
from one another. However, there are several non-related species having the same spore size 
as the two largest genera included here. There is no clear clustering of related species in 
frequency of sporophyte production (Fig. S2) and FST (Fig. S3). We did the meta-analyses 
again using estimates at the genus level, i.e. the mean of all species in one genus, to compare 
the results with results found in the main text. The relationship between range size and spore 
size is not significant when considering data at the genus level (d.f.=16, MS=0.92, F=1.43, 
R2=0.08, p=0.25), but the non-significant result could be due to low sample size. Also, FST is 
not significantly higher in species rarely producing sporophytes (mean=0.34) compared to species 
with frequent spore production (mean=0.18, t=-2.25, d.f.=7.42, p=0.057, Fig. 3) using the genus level. 
The relationship between spore size and FST was not tested again, as this relationship was 
non-significant at the species level. 
 Figure S1 The graph shows the spore size (mean spore size) of all bryophyte species 
mentioned in the main text. Genera with two or more species are encircled with colour 
(Cinclidium – green, Polytrichum – purple, Scorpidium – red, and Sphagnum – blue). Species 
in the same genus cluster together around the same spore size. 
 
 
Figure S2 The graph show frequency of sporophyte production, rare or frequent, for all 
bryophyte species mentioned in the main text. Sporophyte production differs within genera 
(colours as in Fig. S1). 
 Figure S3 The scatterplot shows FST values for all bryophyte species included in the meta 
analyses in the main text. There are only two genera (Polytrichum – purple and Sphagnum – 
blue) represented by more than one species and FST varies greatly within both genera, i.e. 
phylogeny has no influence on FST. 
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Abstract 
Peat mosses (Sphagnum) are known to be difficult to identify, especially in the field, because of 
extensive morphological variation that can blur distinctions among closely related species.  The 
extent to which phenotypic variation reflects genetic differentiation versus environmentally induced 
plasticity is, however, poorly understood. The common and widespread Sphagnum fuscum is 
relatively easy to recognize, but two different colour morphs, dark and pale brown, have been 
observed along the western coast of Europe for some time. In this study we aimed to test whether 
the two colour morphs are genetically differentiated, and assess their phylogenetic relationship to 
the recently described S. beothuk from eastern North America. We used a combination of 
morphological characters and genetic markers (microsatellites and cpDNA sequences). Our results 
indicate that the dark colour morph of S. fuscum in Europe is conspecific with S. beothuk from 
eastern North America. On the other hand, the pale morph of S. fuscum and S. beothuk differ in 
morphology, are separated genetically, and have different habitat preferences and distribution 
ranges. The known occurrences of S. beothuk are restricted to the oceanic regions along the North 
Atlantic coast. It is one of few peat mosses restricted to the amphi-Atlantic region. We show that by 
combining morphology, genetic data, distributional information, and habitat knowledge it is 
possible to evaluate taxonomic uncertainties in Sphagnum. We also epitypify the name S. fuscum.  
Keywords: amphi-Atlantic, bryophyte, distribution, microsatellite, morphology, peat moss, species 
delimitation, Sphagnum 
Introduction 
Sphagnum L. (peat mosses) is a species rich and ecologically important moss genus in the northern 
hemisphere. Even though the genus is easy to recognize, many closely related species are difficult 
to separate morphologically. Many species show pronounced infraspecific morphological variation 
in “field” traits such as growth form, plant size, colour, and leaf characteristics (Flatberg, 2013). 
Interpretations about what should constitute species in Sphagnum vary substantially among 
taxonomists and as a result, the numbers of taxa and their defining features differ among bryophyte 
handbooks even within North America (e.g. Crum, 1984; McQueen & Andrus, 2007) and Europe 
(e.g. Daniels & Eddy, 1990; Flatberg, 2013). For example, the taxonomic status of S. capillifolium 
(Ehrh.) Hedw. and S. rubellum Wilson has long been and is still controversial, with recent 
classification as different species in Flatberg (2013), but as subspecies of S. capillifolium in 
Atherton et al. (2010). They seem to be both morphologically and genetically distinct (Cronberg, 
1989, 1998; Shaw et al., 2005). 
The basis for morphological variation (e.g. environmental conditions or genetic variability) in 
Sphagnum may not always be known, or difficult to trace. However, there are some studies showing 
that observed morphological differentiation found in variable species and species complexes is most 
likely due to phenotypic plasticity, e.g. Sphagnum recurvum complex (Stenøien et al., 1997; Såstad, 
1999; Szurdoki et al., 2014), S. comosum Müll.Hal. (Karlin et al., 2008), and S. palustre L. 
(Stenøien et al., 2014). On the other hand, an extremely divergent growth form of S. cribrosum 
seems to be genetically based, as reversal to normal form was not observed in a reciprocal 
transplant experiment (Johnson et al., 2012). Another mechanism confusing morphological 
appearance may be hybridisation between closely related species (Cronberg, 1998; Natcheva & 
Cronberg, 2007) or between allodiploids and their parental species (Flatberg et al., 2006; Ricca et 
al., 2011). 
Description of new species and taxonomic revisions have usually been based on morphological 
characters. Complex species groups have been separated into several species after closer 
morphological examination, as in the S. imbricatum complex (Flatberg, 1984; Andrus, 1987). Here, 
five species (S. austinii Sull., S. affine Renauld & Cardot., S. steerei R.E. Andrus,  S. portoricense 
Hampe, and S. imbricatum Hornsch. ex Russow) are now commonly recognised (Hill et al., 2006; 
Ignatov et al., 2006; McQueen & Andrus, 2007). Recently, molecular methods make it possible to 
investigate genetic correlates of morphologically differentiated species, and genetic analyses of taxa 
suggested in the S. imbricatum complex are separated genetically (Thingsgaard, 2002). 
Furthermore, there are several examples of recently described new species based on morphology 
that are found to be genetically differentiated as well, e.g. S. inexspectatum Flatberg (Flatberg, 
2005; Shaw et al., 2014a), S. mirum Flatberg & Thingsg. (Flatberg & Thingsgaard, 2003), and S. 
concinnum (Berggr.) Flatberg (Flatberg, 2007; Shaw et al., 2012). On the other hand, no significant 
genetic differences were found within the widely distributed species S. fimbriatum Wilson with 
seemingly clearly differentiated morphotypes (Shaw et al., 2012). Similarly, no genetic differences 
were found comparing two newly described species from North America, S. atlanticum R.E. 
Andrus and S. bergianum R.E. Andrus, with S. torreyanum Sull. and S. subfulvum Sjors, 
respectively, using microsatellite markers (Shaw et al., 2009). This indicates that the description of 
two new species was superfluous, and that the morphological differences found may rather be due 
to e.g. phenotypic plasticity.  
Even though species delimitation may be challenging, using a combination of morphological 
characterization and molecular data seems to be a good way of evaluating species distinctness in 
Sphagnum. Furthermore, if morphologically separated taxa differ in geographical distribution and 
ecological preferences, this strongly support that they have different evolutionary histories and may 
be treated as separate species (Shaw, 2008a). For morphological studies, the mixed stand approach 
has been used to compare similar taxa (e.g. Isoviita, 1966; Frisvoll, 1988; Såstad & Flatberg, 1994; 
Stech et al., 2013), as plants growing close together are likely to be influenced by the same micro-
ecological environment. Morphological differentiation found can therefore give valuable 
information of taxonomic relationships (but see Stenøien et al., 2014).  
Sphagnum fuscum (Schimp.) Klinggr. (subgenus Acutifolia) is one of the most common peat mosses 
in boreal peatlands. It is traditionally considered to be one of the easier Sphagnum species to 
recognize in the field as there are few other similar species. However, the existence of two 
morphological variants of S. fuscum was recognised by Flatberg during field work in 1971, when 
mires in western Norway were investigated to outline a national plan for establishment of mire 
reserves (Flatberg, 1971). One of these variants was characterised by a dark brown colour and 
rather convex capitula, the other being more pale brown with rather flat capitula, corresponding to 
the traditional morphological form of S. fuscum. But, as no obvious morphological differences were 
found in microscopic details between the two variants at that time, herbarium collections of S. 
fuscum with dark brown colour made during subsequent years were marked as the “dark brown 
morph”, leaving further examination to come.  
Two distinct haplotype groups were found when studying genetic structure in S. fuscum on a local 
scale at one particular ombrotrophic mire (bog) in Central Norway (Gunnarsson et al., 2007). These 
two groups also differed in microhabitat preferences: one being found in acidic, dry hummocks 
higher above the water table and the other in slightly less acidic, wetter hummocks. The authors 
speculated that the two genetic groups represented different ecotypes, and concluded that they had 
different histories, having colonised the mire independently (Gunnarsson et al., 2007). If the 
differences found are due to sampling of the two colour morphs or not is unknown, but both colour 
morphs are present at the sampling locality (Flatberg, pers. obs.).  
In 2006, Andrus (Andrus) described a new brown-coloured Acutifolia species based on material 
collected in Newfoundland, Canada. Even though S. beothuk R.E.Andrus was described as close to 
S. fuscum, the morphological characterisation and differentiation described were rather ambiguous 
(see also McQueen & Andrus, 2007). Its taxonomic status has therefore remained unclear. 
The purpose of our study is to (1) clarify the taxonomic status of the dark and pale brown colour 
morphs of S. fuscum by using both genetic and morphological methods, supplied with knowledge of 
their distributions and habitat preferences, (2) investigate the genetic and morphological 
relationship of the two morphs compared to the newly described species S. beothuk, and (3) clarify 
the relationship between S. fuscum and S. beothuk within the subgenus Acutifolia. 
 
Material and Methods 
Specimen collection 
All material used for genetic and morphological analysis and examinations are from publicly 
available herbarium collections. Two mixed stand collections of the pale and dark brown colour 
morphs of S. fuscum from two geographically separated areas in Norway were used for detailed 
morphological analyses. These were collected near the coast of central (TRH 158326) and northern 
(TRH 157468) Norway from poor fen hummock habitats. 
Specimen sampling for genetic analyses was performed by picking one shoot from herbarium 
collections for DNA extraction (Table S1 in Supplementary Material provides a list of voucher 
specimens with locality information). Altogether, 13 samples of the dark brown colour morph of S. 
fuscum and seven samples of S. beothuk were collected from herbarium TRH (Trondheim, Norway) 
and herbarium DUKE (Durham, NC, USA), respectively. A subsample of 30 specimens from a 
larger dataset of S. fuscum (Kyrkjeeide et al. unpublished) was used to represent the pale brown 
colour morph of S. fuscum. As this dataset contains samples from the global distribution of S. 
fuscum, both geographically and genetically separated specimens were chosen in the subsample to 
represent the complete variability found. Additionally, two shoots of the selected epitype collection 
(see below) of S. fuscum were included.  
 
Morphological analyses and examinations 
The mixed stand approach was applied to look at leaf and cell characteristics of the two colour 
morphs of S. fuscum growing intimately mixed in the same micro-habitat. From each of two mixed 
stand collections, five shoots of the pale and dark brown colour morph, respectively, were 
arbitrarily picked for morphometric measurements and qualitative observation. A number of stem 
leaves were removed from the upper 1–2 cm of the stem, and branch leaves from the middle part of 
two spreading branches from the same part of the stem, and semi-permanently mounted in glycerol 
on microscopic slides. 
In the morphometric part of the mixed stand study, five stem leaves (ST) and five branch leaves 
(BR) from each shoot were measured. Both leaf types were scored for length (STL, BRL), width at 
mid-leaf (STM, BRM), and width at 1/8 length from distal leaf end (STT, BRT). Altogether, five 
characters for each leaf type were included in statistical analyses: leaf length, leaf mid-width, leaf 
tip-width (1/8 from distal end), the leaf mid-width/leaf tip-width ratio, and leaf length/mid-width 
ratio. In total, 100 data points were included in statistical analyses for each character (2 species, 2 
location, 5 individuals, 5 leaves). Differences in morphological characters between species were 
analysed using mixed models to account for repeated measurements (leaves from same individual). 
Locations were chosen randomly and were treated as a part of the random error with individuals 
nested within location. All analyses were done in the R environment (R Development Core Team, 
2011). 
The qualitative part of the mixed stand study was concentrated on observations made on pore 
pattern of the branch leaf hyalocysts, as preliminary herbarium studies had indicated this to be a 
possibly good distinguishing character between the two putative species. The observations made in 
this part of the study were not quantified.  
The mixed stand study was followed by extensive examination of herbarium plants from various 
parts of the known distributions of the two colour morphs in order to check if differences observed 
could be used universally to separate the morphs. In addition, characters such as the shape of the 
capitula and colour were considered, as these can be used to distinguish Sphagnum species in the 
field. 
Leaf measurements were taken using the Leica DM6000 B transmission microscope, and photos 
were made applying the Leica Application Suite LASD V2.6 for stacking. 
Molecular analyses 
DNA extractions were done using DNeasy 96 Plant Kit (Qiagen, Oslo, Norway) or E.Z.N.A. SP 
Plant DNA Kit (Omega Biotek, Norway). Both microsatellite markers and cpDNA were used in the 
present study. Nineteen microsatellite markers were amplified following Shaw et al. (2008b). The 
markers used were 1, 4, 7, 9, 10, 12, 14, 17, 18, 19, 20, 22, 28, 30, 56, 65, 68, 78, and 93 (Shaw et 
al., 2008b; Stenøien et al., 2011). GENEMAPPER® software (Applied Biosystems) was used to 
size and genotype the alleles. In addition, three samples of each colour morph of S. fuscum , were 
amplified for the loci tRNA(Gly) (UCC) (referred to here as trnG) representing the chloroplast 
genome. The samples chosen for sequencing were geographically separated and genetically 
different based on microsatellite results. For amplification and sequencing of Sphagnum specimens, 
see Shaw et al. (2010). 
The genetic relationships between the two colour morphs of Sphagnum fuscum, and S. beothuk were 
examined by analysing variation in microsatellite markers. The software Structure 2.3.4. (Pritchard 
et al., 2000; Falush et al., 2003; Falush et al., 2007; Hubisz et al., 2009) estimates the optimal 
number of genetic clusters in a dataset using a Bayesian approach. Based on genetic similarities, 
individuals are clustered together and the likely number of clusters (K) estimated. The analyses 
were performed using 150,000 iterations after a burn-in period of 50,000 iterations, with eight as the 
maximum number of K and 10 replicates for each K. The admixture and independent allele 
frequency models were used. Alignments of the different replicated analyses for the chosen K-
values were made using the greedy option and 1000 random input orders in the software Clumpp 
1.2.2. (Jakobsson & Rosenberg, 2007). The program Distruct 1.1 (Rosenberg, 2004) was used to 
graphically display the Structure results. Genetic structuring was further analysed using principal 
coordinate analyses (PCoA) implemented in GenAlEx 6.501 (Peakall & Smouse, 2006, 2012). The 
percentage of polymorphic loci, expected heterozygosity (Nei, 1987), and mean number of alleles 
were estimated for the two species using GenAlEx. Additionally, pairwise ĭPT (used for haploid 
data as an analogue to FST, Peakall et al., 1995) and Nei’s genetic distance (Nei, 1973) between the 
two species were calculated using GenAlEx.  
Furthermore, the genetic relationship between S. fuscum and S. beothuk and their phylogenetic 
relationship within the subgenus Acutifolia section Acutifolia was explored using trnG. In addition 
to three samples of S. fuscum and S. beothuk, respectively, trnG sequences of seven Acutifolia 
species were downloaded from GenBank (Table S2 in Supplementary Material for GenBank 
accession numbers). Also, three trnG sequences each of S. quinquefarium (Braithw.) Warnst. and S. 
rubiginosum Flatberg , and one sequence of S. warnstorfii Russow were included in the analyses, as 
these species were poorly represented in GenBank. Sphagnum wulfianum Girg. section Polyclada 
and S. squarrosum Crome section Squarrosa in subgenus Acutifolia were used as out-group. All 
sequences were aligned using ClustalW with default parameters in Mega 6.0 (Tamura et al., 2013). 
The phylogenetic relationship between the species was investigated using the Maximum Likelihood 
option in Mega 6.0, adding 1000 bootstrap replications and the general time reversible substitution 
model (GTR). 
Distribution ranges and habitat 
The Norwegian and global distribution ranges of S. fuscum and S. beothuk were delineated by 
examining specimens from herbaria, also including literature records of S. fuscum (see below). All 
herbarium collections of S. fuscum from the four main Norwegian herbaria (BG, O, TRH, and 
TROM) have been revised (based on new knowledge of morphological differences) to map the 
distribution ranges of the two colour morphs in Norway. The global distribution of S. beothuk sensu 
R. E. Andrus was based on records deposited in DUKE. In addition, all specimens of S. fuscum 
from LE and MHA were screened in 2011 and no samples corresponding to the dark brown colour 
morph of S. fuscum were found.  
Habitat preferences for S. fuscum and S. beothuk were investigated based on literature (see below) 
and field experience. 
 
Results 
Our results (see below) show that the pale and dark brown colour morph of S. fuscum are 
genetically and morphologically distinct taxa with different distribution patterns and deserve to be 
treated as separate species. Moreover, we show that the original material underlying the name S. 
beothuk is conspecific with the European and North American material collected as the dark brown 
colour morph of S. fuscum, and therefore makes the description of a new species superfluous. 
However, an epitypification of the name S. fuscum is necessary (see below). The material sampled 
and/or identified as the dark colour morph of S. fuscum will hereafter be referred to as S. beothuk. 
 
Morphology 
Mixed stand analyses and examinations 
Both species vary considerably in the shape and size of both branch and stem leaves (Figure 1), and 
it proved difficult to find leaf size differences that clearly separate them throughout their whole 
micro-habitat and distribution ranges. However, the statistical analyses showed that all stem leaf 
characters were significantly different in S. beothuk and S. fuscum, except the ratio between stem 
leaf length and mid-width (Table 1). In branch leaves, only branch leaf mid-width and the ratio 
between branch leaf length and mid-width were significantly different (Table 1).  
The most diagnostic character separating S. beothuk and S. fuscum is the pore pattern in the 
hyalocysts in the upper 1/3-1/2 abaxial (convex) part of the branch leaves of spreading branches 
(Figure 3). The latter have scattered elliptic to circular, more or less ringed, perfect pores along the 
commissures/cell ends in all or nearly all cells in the upper 1/3–1/2 part of the leaf. These pores 
vary in number from (1-)2–3(-5) in each cell, and gradually diminish in size towards leaf the apex. 
Near the leaf apical end, the pores are often rather tiny, elliptic to circular and ringed, and occur 
both along the commissures and are often free-lying (Figure 3). The branch leaf hyalocysts of S. 
beothuk are either aporose on the upper 1/3–1/2 abaxial part, or a few cells have 1-2 ± circular to 
broadly elliptic, perfect pores, confined mostly to the proximal cell ends (Figure 3). Some diffuse 
imperfect pores with membrane thinnings may occur. In addition, the hyalocysts close to the apical 
end of the leaves usually possess a few, tiny, ringed, mostly circular pores, but these tiny pores can 
be absent. They do not differ in size and shape from the tiny pores in S. fuscum. Rarely, as in the 
type specimen of S. beothuk, they can be rather numerous.  
 
Examination of herbarium plants and field observations 
The characters further focused on were colour and shape of capitulum, stem leaf shape, the 
arrangement and shape of branch leaves on spreading branches, and branch leaf hyalocyst pores (for 
summary, see Table 2).  
Although both species vary considerably in leaf shape in examined herbarium material, and 
sometimes identification is difficult based on this characteristic alone, the relative differences 
observed in the mixed stand study, have been confirmed. In general, S. fuscum has stem leaves that 
are larger and broader close to the leaf apex with more obtuse apices, than S. beothuk (Figure 2). 
Also, the branch leaves are usually shorter and broader in S. fuscum, than in S. beothuk. The 
observed difference in pore patterns of branch leaves in the mixed stand study, were consistent in 
examined herbarium material. The absence of perfect pores in many or most hyalocysts in the upper 
1/3–1/2 part of the leaves in S. beothuk appears to be the best distinguishing character in 
comparison to S. fuscum (see Figure 3), in both European and North American plants examined. 
Noticeably, S. beothuk lacks the gradual diminishing pore size from about the middle of the leaf 
towards the apical end which is typical in S. fuscum. Other leaf cell patterns of the two species have 
not been studied in detail, but screening of other possible leaf characters has not given additional 
information of obvious diagnostic value in their separation. 
Sphagnum beothuk forms cushions or mats with somewhat elevated (convex) capitula of a deep 
brown colour (Figure 4A, B, E), often furnished with a purplish sheen during autumn. The 
spreading branches often have the leaves in visible rows (5-ranked), but not always. Sphagnum 
fuscum has rather flat to only slightly elevated (convex) capitula with a usually pale brown colour, 
and a purplish sheen is not obvious during autumn (Figure 4C, D, E). The different capitulum shape 
makes the surface of the S. fuscum hummocks more even and less facet-looking than in S. beothuk. 
The capitulum colour varies in S. fuscum, and particularly in fen mire habitats the capitula can be as 
dark as in S. beothuk (Figure 4D), but the surface structure differs. When found growing in the same 
habitat, the colour difference between the two species is obvious (Figure 4E, see also Flatberg 
(2013, Pl. 61)). The branch leaves of S. fuscum are non-ranked in hummock habitat, but plants from 
fen lawn communities can have distinctly 5-ranked leaves as S. beothuk. 
Both S. beothuk and S. fuscum are dioicous. In Norway both species occur rather frequently with 
sporophytes (Figure 4B, C, E), but with considerable variation between years, and seemingly also 
between species from year to year (Flatberg, pers. obs.). Morphology of perichaetial leaves and 
spores of the two species have not been included in our work. 
The morphology of the holotype of S. beothuk (herbarium DUKE) deviates from the typical 
appearance of this species. However, re-examination of the type material based on the new 
knowledge of the total morphological ranges of S. fuscum s. lat., suggests that S. beothuk and the 
dark brown colour morph belong to the same species.  
Molecular analyses 
There were no missing data among S. fuscum. In S. beothuk, the accepted value of missing data was 
set arbitrarily to 40%. One specimen had more than 40% missing data and was excluded. The total 
amount of missing data among S. beothuk was 7.5%. There are fixed differences between S. 
beothuk and S. fuscum at eight out of 19 microsatellite loci. Four loci are homozygous in S. fuscum 
compared to 13 loci in S. beothuk. The percentage of polymorphic loci was 79% and 32% in S. 
fuscum and S. beothuk, respectively, and the mean number of alleles per locus was more than two 
times higher in S. fuscum (4.0) than in S. beothuk (1.7). Only one allele was present at each locus, 
strongly supporting the interpretation that both species are gametophytically haploid. 
Genetic clustering analyses show that there are two main genetic clusters in the dataset (Figures 5 
and 6). One cluster includes the pale brown morph of S. fuscum and the epitype of S. fuscum, while 
the other cluster contains S. beothuk and the dark brown morph of S. fuscum. Nei’s genetic distance 
between the two species is 1.02 and ĭPT=0.58 (p<0.01). Genetic variation was higher in S. fuscum 
(HE=0.42) than in S. beothuk (HE=0.13).  
The aligned length of the pDNA sequences was 678 bp. No genetic variation was found within 
either S. fuscum or S. beothuk. The two taxa differed at six sites. The maximum likelihood tree in 
Figure 7 shows that S. beothuk is separated from all other compared Acutifolia species, by a long 
branch length supported by a high bootstrap value (98%).  
  
Distribution ranges 
Following the terminology and distribution of vegetation sections and zones in Moen (1999), the 
Norwegian records of S. beothuk lie within the highly and markedly oceanic sections (O3 and O2, 
respectively) in the boreo-nemoral and southern to middle boreal vegetation zones (Figure 8A). The 
northernmost locality known is in Troms County (TROM B-1119), close to the sea level (O2) in the 
middle boreal zone. The southernmost Norwegian record lies within O3 in the boreo-nemoral zone 
in Vest-Agder County (O 38489). The known altitudinal limit is in the middle boreal zone located 
in O2 in Central Norway at an altitude of about 400 m asl. 
Seven specimens of S. beothuk are deposited at herbarium DUKE (Table 3). The records were 
sampled at three localities, one in Maine, USA, and two in Newfoundland, Canada. The type 
material is collected at Lark Harbour, Newfoundland (DUKE 10687). Additionally, 11 records 
outside Norway are revised as S. beothuk after genetic and morphological examination of S. fuscum 
material in TRH. Of these are nine from Newfoundland and Labrador, Canada, and two from the 
western coast of Scotland (Table 3). These records are currently the basis for the known distribution 
range of S. beothuk outside Norway (Figure 9). 
Sphagnum fuscum is widely distributed in most of mainland Norway (Figure 8B). The distribution 
covers all vegetation zones from boreo-nemoral areas in the south via boreal to southern arctic areas 
in the northernmost mainland, and it ascends above the tree limit into the low-alpine zone. 
Moreover, the distribution embraces all sections from O3 along the western coast, to slightly 
continental areas (C1) in the east and northeast. Hence, it occurs in all areas where S. beothuk is 
found. 
Sphagnum fuscum is widespread in the northern hemisphere (Figure 9, literature used to draw 
distribution boundaries confirm S. fuscum when diagnostic illustrations are present, for references 
see below). The species occurs in many countries in Europe (TRH), but the main distribution lies in 
northern Europe (Daniels & Eddy, 1990; Söderström et al., 1998). Furthermore, herbarium material 
from LE and MHA confirms that the species occurs throughout northern Russia. In North America, 
S. fuscum is common in most of Canada and is only unrecorded from some states in the Midwest 
and southern USA (McQueen & Andrus, 2007). The main distribution of S. fuscum lies in the 
boreal vegetation zone, but with extensions southward into the nemoral (e.g. Andrus, 1980; 
Bouman, 2002) and sub-meridional zones (e.g. Guerra & Cros, 2004; Anderson et al., 2009; 
Matsuda, 2012), and northwards into the arctic zones on all continents (Ignatov & Afonina, 1992; 
McQueen & Andrus, 2007). The occurrences of S. fuscum in the nemoral and especially in the sub-
meridional zones seem to be located at rather high-elevation sites (Europe: Alps (e.g. Miserere et 
al., 1997),  Pyrenees (e.g. Guerra & Cros, 2004), Carpathians (A. Ganeva, pers. com., identity not 
confirmed), Dinaric Alps (M. Sabovljevi, pers. com., identity not confirmed); North America: Blue 
Ridge Mountains (Anderson et al., 2009; identity of S. fuscum confirmed; DUKE specimens 
0017158, 0023720, 0023720); Japan: Hokkaido (Takita, 1999; identity of S. fuscum confirmed; 
DUKE specimens 0017169, 0017170, 0158778, 0158779, 0158781, 0158782, 0158783, 0158784), 
Honshu (Matsuda, 2012; identity of S. fuscum confirmed; DUKE specimens 0017168, 0017171, 
0023209)). Sphagnum fuscum reaches the coast on all continents, including the western coast of 
Greenland (TRH). Thus, it is found in all vegetation sections, from O3 to highly continental (C3). 
 
Habitat 
The typical habitat of Sphagnum beothuk in Norway is elevated hummocks in ombrotrophic mires 
(bogs) of various kinds. In the ericaceous coastal heath region along the western coast it occurs 
scattered in open, treeless Atlantic bogs. Inland, it occurs in open expanse mire communities and 
close to the margin in bogs with open treeless expanses and Pinus sylvestris-wooded margins, and 
the main niche is hummocks in transitional sites where small pines often occur. It is not found in 
pine-wooded, ericaceous and hummock-dominated margins (bog forests). Its habitat preference is 
similar to that of S. austinii, and often they grow together on elevated hummocks in oceanic 
sections in the boreo-nemoral and southern boreal zones. According to the local “poor–rich” mire 
ecogradient, nearly all records of S. beothuk in Norway are from ombrotrophic (bog mire) sites. It is 
also recorded from poor fen sites, though never from rich fens. The habitat of S. beothuk in North 
America is reported to be medium rich fen hummocks (Andrus, 2006; McQueen & Andrus, 2007), 
and records from ombrotrophic (bog) habitats are unmentioned. This is not in accordance with our 
observations and collections in Newfoundland (Flatberg, field work 1996) and Labrador (Flatberg, 
field work 2007). The common habitat of S. beothuk also seems  here to be ombrotrophic 
hummocks, although the type collection is from medium rich fen (Andrus, 2006). Sphagnum 
beothuk is mostly confined to the hummock level along the “hummock–lawn–carpet” vegetation 
gradient (the “dry–wet” ecogradient), but occasionally also occurs in lawns. In Isle of Skye, western 
Scotland, S. beothuk was found growing in Atlantic bog hummocks (Flatberg, field work 1987), 
corresponding well with its habitat in the O3 section of western Norway.  
Sphagnum fuscum often occupies similar hummock habitats as S. beothuk in southern and middle 
boreal, O2 section areas, such as in Central Norway, but S. fuscum has a wider habitat range. Along 
the “hummock-lawn-carpet” gradient, S. fuscum, like S. beothuk, is primarily a hummock species, 
but it is more common in lawn communities than the latter, and occasionally occurs in carpets. In 
lowland, southern boreal ombrotrophic mires (bogs) S. fuscum occurs from open expanses to pine-
wooded margins along the “mire expanse-margin” gradient, and thus, contrary to S. beothuk, it is 
common in forested bogs. In Norway, it occupies a wider range along the “poor–rich” gradient than 
S. beothuk. The most common habitat is hummocks in ombrotrophic mires (bogs), but it is also 
common in elevated hummocks in poor fen mires, and even in rich fens, particularly in northern 
boreal mires, where it sometimes co-occurs with S. warnstorfii. In middle and northern boreal areas 
in more continental areas of Norway, it often is the dominant hummock peat moss in mixed 
ombrotrophic and poor fen mires. The habitat of S. fuscum in the low-alpine zone in Norway is 
hummocks in intermediate to rich fens on shallow peat. 
Outside Norway, the habitat of S. fuscum in boreal areas in Eurasia and North America seems to be 
rather similar. In nemoral zone areas of Europe, its main habitat seems to be hummocks in bog and 
poor fen mires as well (e.g. Hölzer, 2010). The high-elevation occurrences of S. fuscum in Italy are 
reported to be from bog communities (Miserere et al., 1997). In tundra (southern arctic zone), S. 
fuscum form small hummocks in flat, mostly poor fen mires on shallow treeless peat  (Flatberg field 
observations: Yukon-Kuskokwim Area, Alaska 2001, Nunavik, northern Hudson Bay 2007, 
western Greenland 2006; Hassel & Prestø field observations: western Greenland 2010 (cf. TRH-
specimens). 
Discussion 
We combined morphology, genetic data, distribution and habitat knowledge to evaluate the 
taxonomic uncertainty concerning different colour morphs in S. fuscum, and also the relationship to 
S. beothuk. The results clearly show that the dark brown colour morph of S. fuscum belongs to the 
same taxon as the newly described S. beothuk. Furthermore, our genetic and morphological studies 
give unambiguous support to treating S. beothuk and S. fuscum as two different species, 
strengthened by their morphological distinctness in mixed stands. Their different distributional 
patterns together with different habitat preferences further support this view. 
The mixed stand approach has been debated (see e.g. Frisvoll, 1988). However, in our study we 
found the method very useful in tracing possible leaf and cell characters separating the two colour 
morphs of S. fuscum. The differences observed using this method  were easy to follow up and check 
diagnostically during morphological screening of herbarium material representing S. fuscum. 
The morphology of S. beothuk and S. fuscum seems to overlap in some degree concerning colour 
and leaf shapes. The stem leaf shape is usually a rather safe character for species identification 
when the average impression of several  leaves examined from a plant is considered. But, the most 
diagnostic character separating the two species is the different pore pattern in the upper abaxial part 
of the branch leaf.  The pore characterization (see Figures 21-26 in Andrus, 2006) of S. beothuk 
given by Andrus (2006) and McQueen & Andrus (2007) is imprecise and misleading. A plant 
fragment from the type specimen examined had branch leaves with rather many tiny pores in the 
apical part hyalocysts. This may be caused by the habitat of the type collection being medium rich 
fen (Andrus, 2006). In Scandinavia the typical habitat of the species is bogs and to a less degree, 
poor fens. Thus, plants from rather rich fen habitats of S. beothuk may possess more tiny pores than 
in poorer mire habitats. When both species show a typical habit appearance in field, they are fairly 
easy to separate. 
The tiny pores of S. beothuk – when present – are rather similar to those found in S. fuscum and S. 
warnstorfii, and do not alone distinguish the species from S. fuscum. In fact, S. beothuk was 
suggested to be a allopolyploid hybrid between S. fuscum and S. warnstorfii (Andrus, 2006). 
Allodiploids usually have two alleles in several microsatellite loci (e.g. Ricca & Shaw, 2010), and 
we found only one allele in all loci of S. beothuk. Thus, if this species has a hybrid origin it must be 
a homoploid at haploid ploidy level. However, the chloroplast DNA haplotype (trnG) of S. beothuk 
is not similar to the haplotypes of S. fuscum or S. warnstorfii. As chloroplast DNA is maternally 
inherited in Sphagnum (Natcheva & Cronberg, 2007), this indicates that neither species could be the 
maternal species of S. beothuk. Thus, S. beothuk is probably not a hybrid between S. fuscum and S. 
warnstorfii. 
Microsatellite markers are highly variable, and usually species-specific. However, in Sphagnum 
these markers can generally amplify across all species. Thus, they have been used for species 
determination of closely related species (Shaw et al., 2009) and studies of allodiploid origins (Ricca 
& Shaw, 2010; Stenøien et al., 2011b) and allotriploid origins (Karlin et al., 2009; Karlin et al., 
2014). In our study, several microsatellite loci were fixed for different alleles in S. fuscum and S. 
beothuk, and the two species are clearly separated in these markers. 
The maximum likelihood tree is poorly resolved and the different clades have low bootstrap 
support. However, the purpose of this study was not to resolve the phylogeny of subgenus 
Acutifolia, but to investigate if differences in the nuclear genome (microsatellites) found between S. 
fuscum and S. beothuk correspond to differences found between other valid species in the subgenus. 
The tree is only based on a single chloroplast gene (trnG), but shows the same distinct pattern as the 
microsatellite data. The trnG tree corresponds rather well to the trees in both Shaw et al. (2005) and 
Johnson et al. (2014), with S. girgensohnii Russow, S. fimbriatum Wilson, and S. rubiginosum in 
one clade and S. fuscum, S. capillifolium, and S. russowii Warnst. in another clade. Complex 
phylogenetic patterns among members of the S. fimbriatum complex (Shaw et al., 2012) is evident 
in the tree. The trnG marker seems to be conservative within species, but shows moderate variation 
between species. The branch length and bootstrap values of S. fuscum and S. beothuk are 
comparable to that found in S. rubiginosum and S. quinquefarium, supporting that S. beothuk is a 
distinct phylogenetic entity. 
Genetic variation appears to be higher in S. fuscum than in S. beothuk. This could be due to different 
evolutionary histories. Sphagnum beothuk has a much more restricted distribution than S. fuscum, 
and it probably went through a more severe bottleneck during the last glacial maximum (LGM), 
decreasing its genetic variability. The current European population sites were mainly covered by ice 
during the LGM. As Sphagnum spores have high dispersal capacity (Muñoz et al., 2004; Szövenyi 
et al., 2008; Sundberg, 2012; Wilkinson et al., 2012; Shaw et al., 2014b), survival along the eastern 
coast of North America with post-glacial colonization of the western coast of Europe is a plausible 
historical scenario. This is, for instance, the likely explanation for the current distribution of one of 
two genetic clusters recognized in S. angermanicum Melin (Stenøien et al., 2011). 
Genetic differentiation found between S. fuscum haplotypes at one site located in Trondheim, 
Norway, by Gunnarsson et al. (2007), is likely due to sampling of both S. fuscum and S. beothuk. 
The authors argue that the two groups found had different immigration histories at the locality. 
They found that one haplotype group was similar to a specimen from a locality in New Brunswick, 
while they found similar sequences for the other haplotype group in North America, but also in 
Japan. Thus, the former could be S. beothuk, and the latter S. fuscum. However, the habitat 
preferences described for the two groups are opposite of our observations. Nevertheless, this could 
simply be due to the sampling scheme. The specimens in that study were sampled along transects 
and thus, untypical habitats may occur by chance.  
In Europe, S. beothuk seems to occur in highly oceanic areas. As indicated by the Norwegian 
distribution, it is likely to be confined to the western, coastal areas near the Atlantic Ocean. In fact, 
the total Norwegian distribution of this species is restricted to markedly and highly oceanic areas 
(Fig 5a). This distribution is rather similar to the distribution of S. austinii (Flatberg, 2013). 
However, S. austinii has a marginally less oceanic affinity and also occurs in the slightly oceanic 
section (O1, sensu Moen, 1999). Both S. fuscum and S. beothuk are often found growing together at 
the same mire sites in sections O2 and O3, also in mixed stands, but both species are rather rare in 
the treeless westernmost, Atlantic heath and mire region facing the North Sea. This is an area that 
has been heavily influenced by humans for a long time, with regular burning of ericaceous heaths 
and bogs, scything, sheep grazing and trampling, drainage, and extensive peat cuttings for fuel. 
These activities may be the main reason for the rarity of bog species like S. austinii in such areas 
(Flatberg, 1984). As in Norway, increased land use intensity has reduced the abundance of S. 
austinii in Wales (Hughes et al., 2007). As S. beothuk and S. austinii seem to have overlapping 
distributions, the former species may also be declining in parts of Europe.  
Sphagnum beothuk is so far only known from the coast of Norway and northwest Scotland in 
Europe. With the Scottish records, the species extends its distribution from the boreal zone into the 
nemoral zone. No records of S. beothuk are currently known from Ireland. However, here and in 
western parts of Britain, S. beothuk may be as common as S. fuscum since oceanicity resembles that 
along the Norwegian coast. In fact, the picture illustrating S. fuscum in the flora “Mosses and 
Liverworts of Britain and Ireland” (Atherton et al., 2010) seems to be of S. beothuk as the capitula 
are rather convex and the colour is dark brown. Sphagnum beothuk may occur in lowland, oceanic 
areas in mainland Europe. Revision of more herbarium material and field work are needed to 
confirm this.   
The current knowledge of the distribution range of S. beothuk includes the eastern coast of North 
America and the western coast of Europe. Thus, it has a much more restricted distribution globally 
compared to several other oceanic Sphagnum species, occuring in western North America and/or 
Asia (e.g. S. quinquefarium , S. rubiginosum (Flatberg, 1993), and S. austinii (McQueen & Andrus, 
2007; Flatberg, 2013)). This makes S. beothuk one of few amphi-Atlantic peat mosses, as only three 
other species are known to have this pattern of distribution: S. angermanicum (Gunnarsson et al., 
2005; Stenøien et al., 2011), S. venustum Flatberg (Flatberg, 2008, 2013), and S. affine Renauld & 
Cardot (Thingsgaard, 2001). In a phylogeographic study of Sphagnum (Kyrkjeeide et al., 
unpublished), material of S. fuscum (from DUKE, TRH, LE, and MHA) were sampled covering the 
species’ entire distribution range. No samples were genetically similar to S. beothuk. If S. beothuk 
occurs along the Pacific coast, one or a few samples of S. beothuk would likely by chance have been 
sampled for that study, but we cannot eliminate the possibility that it occurs there. As no material of 
S. fuscum was included from Japan in this study, 10 collections from Japan deposited at DUKE  
were examined morphologically. All samples belong to S. fuscum. Additionally, only S. fuscum, i.e. 
the “pale brown colour morph”, has been observed or sampled during field work in western North 
America (British Columbia and Alaska, Flatberg field work, 1996, 2001, 2008).  
Typification 
Our taxonomic revision implies the necessity for typification of the name Sphagnum fuscum 
(Schimp.) H.Klingrr. 1872 p. 4 (Klinggräff, 1872). The basionym underlying this specific name is 
S. acutifolium var. ѓ. fuscum Schimper 1857, p. 64, tab. XIII, ѓ. 
Schimper’s description (1857) lacks significant morphological information defining the 
differentiation towards other brown-coloured species in subgenus Acutifolia, including S. beothuk. 
The protologue does not cite any original specimens, nor any geographical locations where he had 
collected or seen material, except for the rather anonymous sentence: “In turfosis profundis ubi 
sæpe tractus oblegit” [“In deep cushions where often in large extent covering in the regions/tracts”]. 
We have not been able to trace any original specimens of his S. acutifolium var. ѓ. fuscum in the 
herbaria cited by Vitt et al. (1985) to contain Schimper’s bryophytes specimens, thus making it 
impossible with present knowledge to select a suitable specimen as a lectotype. The ICN 
(Melbourne Code, McNeill et al., 2012) opens the possibility to designate his single shoot 
illustration of ѓ. fuscum as the lectotype (Figure 10). However, this illustration does not give clear 
evidence of the taxonomic relationship to S. beothuk, and we therefore find it necessary to epitypify 
the name. We know from a type specimen of Bryum microstegium Bruch & Schimp. (= B. 
intermedium (Brid.) Blandow) preserved in herb. TRH and collected by Schimper, that he visited 
the Kongsvoll area, Dovrefjell mountains in Central Norway in 1844. We have been unsuccessful in 
finding more information of his stay there, or whether he collected sphagna or not. Sphagnum 
fuscum is common in the Kongsvoll area, and lies far outside the known lowland, coastal 
occurrences of S. beothuk in Norway (Figure 8). We therefore designate an epitype of the name S. 
fuscum from the Kongsvoll area based on new material selected for this particular purpose, and 
which gives unambiguous genetic, morphological and taxonomic distinction of S. fuscum from S. 
beothuk.  
Sphagnum fuscum (Schimper) H. Klinggräff. 1872 p. 4. 
Basionym: Sphagnum acutifolium var. ѓ. fuscum Schimper 1857, p. 64, tab. XIII, ѓ. 
Lectotype (designated here): [icon in] Schimper 1857, tab. XIII, ѓ. (see Figure 10). 
Epitype (designated here): Norway. Sør-Trøndelag county, Oppdal municipality, Dovrefjell, 
Kongsvoll, just S of Blæsterbekken. Ombrotrophic hummock in bog. 19 August 2014, leg. & 
det.Tommy Prestø (TRH B-676595; isoepitypes DUKE, H, LE, UBC). 
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Tables 
Table 1 Mixed models were used to test if five different morphological characters in stem and 
branch leaves, respectively, differ between S. beothuk and S. fuscum. The measurements are given 
in micrometers (m). 
 Measurement S. beothuk mean 
S. fuscum 
mean 
Standard 
error t-value DF p-value 
       
Stem leaves       
STL 1083.1 1180.3 29.8 3.26 17 0.005 
STM 575.2 636.2 12.2 4.98 17 <0.001 
STT 342.8 457.5 9.8 11.74 17 <0.001 
STM/STT 1.67 1.40 0.05 -6.06 17 <0.001 
STL/STM 1.89 1.86 0.04 -0.63 17 0.540 
       
Branch leaves       
BRL 1144.5 1081.1 32.13 -2.0 17 0.065 
BRM 331.7 386.8 14.56 3.8 17 0.002 
BRT 191.1 210.7 10.23 1.9 17 0.073 
BRM/BRT 1.75 1.85 0.05 2.1 17 0.053 
BRL/BRM 3.48 2.81 0.08 -7.8 17 <0.001 
             
Abbreviations: STL-Stem leaf length; STM-Stem leaf middle width; STT-Stem leaf tip width; 
BRL-Branch leaf length; BRM-Branch leaf middle width; BRT-Branch leaf tip width.  
 
 
 
Table 2 Morphological characters separating Sphagnum fuscum and S. beothuk. See text for more 
detailed characteristics. 
Character S.  fuscum S. beothuk 
Capitulum colour usually pale brown dark brown 
Capitulum shape seen from sides rather flat to slightly convex often markedly convex 
Capitulum arrangement/surface 
appearance rather even surface often faceted surface 
Branch leaves of spreading branches 
Arrangement usually non-ranked varying, but often 5-ranked 
Shape above not narrowed often narrowed 
Hyalocyst pores on abaxial surface in 
upper 1/3-1/2 part of leaf 
all or nearly all cells with 
perfect pores, gradually 
diminishing in size towards 
apex 
many cells lacking perfect 
pores 
Presence of minute, ringed  pores 
towards distal end of leaf usually present often present but can lack 
Stem leaf apex  obtuse to broadly obtuse-rounded 
acute-obtuse to narrowly 
obtuse 
Table 3 Records of Sphagnum beothuk collected outside Norway. 
Country County Collector Year Herbarium 
Genetic 
data 
Canada Labrador Flatberg, K.I., Flatberg, B. 2007 TRH Yes 
Canada Labrador Flatberg, K.I., Flatberg, B. 2007 TRH Yes 
Canada Labrador Flatberg, K.I., Flatberg, B. 2007 TRH Yes 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH Yes 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E., Flatberg, K.I., McQueen, C. 1996 TRH No 
Canada Newfoundland Andrus, R. E. 2005 DUKE Yes 
Canada Newfoundland Andrus, R. E. 2005 DUKE Yes 
Canada Newfoundland Andrus, R. E. 2005 DUKE Yes 
Canada Newfoundland Andrus, R. E. 2005 DUKE Yes 
USA Maine Andrus, R. E. 2007 DUKE Yes 
USA Maine Andrus, R. E. 2007 DUKE Yes 
USA Maine Andrus, R. E. 2007 DUKE Yes 
Scotland Highland Flatberg, K.I. 1987 TRH Yes 
Scotland Highland Kyrkjeeide, M.O, Kyrkjeeide, K.O 2011 TRH Yes 
Figures 
Figure 1 The box-plots show stem (left) and branch (right) leaf morphometric measurements of five 
different characters (top to bottom: leaf length, leaf mid-width, leaf tip-width, leaf mid-width/leaf 
tip width ratio, and leaf length/leaf mid-width ratio) in Sphagnum beothuk and S. fuscum.  
Figure 2 Stem leaves (above) and branch leaves (below) of Sphagnum beothuk (A, B, E, F) and S. 
fuscum (C, D, G, H). 
Figure 3 Pore patterns of Sphagnum beothuk (A, B) and S. fuscum (C, D) in the upper abaxial part 
of the branch leaves. The pictures are oriented with the leaf apex pointing upwards. See text for 
details about pore patterns. 
Figure 4 Field habit of Sphagnum beothuk (A, B, E) and S. fuscum (C, D, E). Sporophytes of S. 
beothuk can be seen in picture B and of S. fuscum in picture C and E. © Kjell Ivar Flatberg 
Figure 5 Genetic structure of Sphagnum fuscum and S. beothuk inferred in the software Structure 
based on microsatellite data. Different colours indicate different genetic clusters. The thick lines 
separate different species and colour morphs, while the thin lines separate individuals. 
Figure 6 PCoA based on microsatellite markers of Sphagnum fuscum (filled circles), including the 
epitype (open circles), S. beothuk (filled squares), and samples of S. fuscum collected as the dark 
brown colour morph (open squares). 
Figure 7 Maximum likelihood tree of Acutifolia species based on the chloroplast marker trnG. 
Sphagnum squarrosum section Squarrosa was chosen as outgroup. The numbers below the 
branches are bootstrap support.  
Figure 8 Distribution maps of Sphagnum beothuk (A) and S. fuscum (B) in Norway, based on 
revised material of S. fuscum deposited in herbaria BG, O, TRH, and TROM.  
Figure 9 Coarse distribution of Sphagnum fuscum (grey area) and samples of S. beothuk (dots) 
presently included in molecular studies. The open circles are samples collected as S. beothuk, while 
the black dots are samples identified as the “dark brown colour morph” of S. fuscum. 
Figure 10 Illustration of Sphagnum acutifolium var. ѓ. fuscum from Schimper 1857. 
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Supplementary Material: Voucher information (Table S1) for samples included in the 
microsatellite analyses and list of GenBank accession numbers used to build the ML tree.  
 
Table S1 Herbarium, country, county and collectors of all Sphagnum specimens used in the 
study. 
Species Herb. Herb. No. Country County Collector 
Sphagnum fuscum TRH 724527 USA Alaska K. I. Flatberg 
Sphagnum fuscum TRH 740592 Norway Hedmark K. I. Flatberg 
Sphagnum fuscum TRH 10127 Danmark Nordjylland K. Thingsgaard 
Sphagnum fuscum TRH 740397 Norway Nord-Trøndelag K. I. Flatberg 
Sphagnum fuscum TRH 724522 Canada Newfoundland and Labrador 
K. I. Flatberg, 
B. Flatberg 
Sphagnum fuscum TRH 724535 USA Alaska 
K. I. Flatberg, 
K. 
Thingsgaard 
Sphagnum fuscum TRH 724537 USA Alaska 
K. I. Flatberg, 
K. 
Thingsgaard 
Sphagnum fuscum TRH 724526 USA Alaska K. I. Flatberg 
Sphagnum fuscum TRH 155823 Norway Finnmark K. I. Flatberg 
Sphagnum fuscum TRH 158646 Norway Hordaland K. I. Flatberg 
Sphagnum fuscum TRH 120063 Norway Oppland M. O. Kyrkjeeide 
Sphagnum fuscum TRH 690553 Norway Nord-Trøndelag K. Hassel 
Sphagnum fuscum LE - Russia Yamal I. V. Czernyadjeva 
Sphagnum fuscum LE - Russia Yamal 
I. V. 
Czernyadjeva,  
E. Yu. 
Kuzmina 
Sphagnum fuscum LE - Russia Kamtchatka I. V. Czernyadjeva 
Sphagnum fuscum MHA - Russia Krasnoyarsk S. Popov 
Sphagnum fuscum MHA - Russia Sakhalin V. A. Bakalin 
Sphagnum fuscum MHA - Russia Sakhalin M. Ignatov 
Sphagnum fuscum TRH 741322 Greenland Aasiaat K. I. Flatberg 
Sphagnum fuscum TRH 741342 Greenland Ilulissat K. I. Flatberg 
Sphagnum fuscum TRH 693759 Greenland Sermersooq K. Hassel, T.Prestø 
Sphagnum fuscum TRH 742351 Canada Newfoundlandand Labrador 
R. E. Andrus, 
K. I. Flatberg, 
C. McQueen 
Sphagnum fuscum TRH 724572 USA Pennsylvania R. E. Andrus 
Sphagnum fuscum TRH 724571 USA New York R. E. Andrus,M. Corey 
Sphagnum fuscum TRH 724568 USA Maryland R. E. Andrus,D. D. Boone 
Sphagnum fuscum TRH 724566 USA Maryland R. E. Andrus 
Sphagnum fuscum TRH 724532 USA Alaska 
K. I. Flatberg, 
K. 
Thingsgaard 
Sphagnum fuscum TRH 724553 USA Alaska S. Talbot 
Sphagnum fuscum TRH 724479 Canada British Columbia 
G. K. 
Golinski, P. 
Williston 
Sphagnum fuscum MHA Russia Sakhalin O.Yu. Pisarenko 
Sphagnum fuscum TRH 676595 Norway Sør-Trøndelag T. Prestø 
Sphagnum fuscum TRH 676595 Norway Sør-Trøndelag T. Prestø 
Sphagnum 
beothuk TRH 724504 Canada 
Newfoundland
and Labrador 
R. E. Andrus, 
K. I. Flatberg, 
C. McQueen 
Sphagnum 
beothuk TRH 724518 Canada 
Newfoundland
and Labrador 
K. I. Flatberg, 
B. Flatberg 
Sphagnum 
beothuk TRH 724521 Canada 
Newfoundland
and Labrador 
K. I. Flatberg, 
B. Flatberg 
Sphagnum 
beothuk TRH 724524 Canada 
Newfoundland
and Labrador 
K. I. Flatberg, 
B. Flatberg 
Sphagnum 
beothuk TRH 158611 Norway 
Møre og 
Romsdal K. I. Flatberg
Sphagnum 
beothuk TRH 740050 Norway 
Møre og 
Romsdal K. I. Flatberg
Sphagnum 
beothuk TRH 10065 Norway Nordland 
K. 
Thingsgaard 
Sphagnum 
beothuk TRH 10089 Norway Nordland 
K. 
Thingsgaard 
Sphagnum 
beothuk TRH 740608 Norway Sør-Trøndelag K. I. Flatberg 
Sphagnum 
beothuk TRH 740580 Norway Sør-Trøndelag K. I. Flatberg 
Sphagnum TRH 158998 Norway Troms K. I. Flatberg 
beothuk 
Sphagnum 
beothuk TRH 727119 Scotland Highland K. I. Flatberg 
Sphagnum 
beothuk TRH 120145 Scotland Highland 
M. O. 
Kyrkjeeide, 
K. O. 
Kyrkjeeide 
Sphagnum 
beothuk DUKE 130635 Canada 
Newfoundland 
and Labrador R. E. Andrus 
Sphagnum 
beothuk DUKE 130640 Canada 
Newfoundland 
and Labrador R. E. Andrus 
Sphagnum 
beothuk DUKE 130634 Canada 
Newfoundland 
and Labrador R. E. Andrus 
Sphagnum 
beothuk DUKE 130636 Canada 
Newfoundland 
and Labrador R. E. Andrus 
Sphagnum 
beothuk DUKE 146898 USA Maine R. E. Andrus 
Sphagnum 
beothuk DUKE 146899 USA Maine R. E. Andrus 
Sphagnum 
beothuk DUKE 146900 USA Maine R. E. Andrus 
Sphagnum 
warnstorfii DUKE 9818 Europe Finland J. A. Shaw 
  
 
  
Table S2 List of species and corresponding GenBank accession numbers included in the 
maximum likelihood tree of Acutifolia species. Voucher identification numbers from 
herbarium TRH are given for newly generated sequences.  
Species DNA ID/ GenBank Voucher 
Sphagnum beothuk MOK241 TRH 158998 
Sphagnum beothuk MOK205 TRH 724521 
Sphagnum beothuk MOK1018 TRH 727119 
Sphagnum capillifolium DQ070845.2 
Sphagnum concinnum JN000178.1 
Sphagnum concinnum JN000175.1 
Sphagnum concinnum JN000176.1 
Sphagnum fimbriatum JN000190.1 
Sphagnum fimbriatum JN000184.1 
Sphagnum fimbriatum JN000180.1 
Sphagnum fuscum MOK206 TRH 724522 
Sphagnum fuscum MOK212 TRH 724537 
Sphagnum fuscum MOK922 TRH 120318 
Sphagnum girgensohnii DQ073385.2 
Sphagnum girgensohnii JN000203.1 
Sphagnum girgensohnii JN000207.1 
Sphagnum quinquefarium MOK26 TRH 690268 
Sphagnum quinquefarium MOK265 TRH 725187 
Sphagnum quinquefarium MOK275 TRH 7621 
Sphagnum rubiginosum MOK29 TRH 740712 
Sphagnum rubiginosum MOK32 TRH 158850 
Sphagnum rubiginosum MOK737 TRH 155020 
Sphagnum russowii DQ070844.2 
Sphagnum squarrosum JN000209.1 
Sphagnum squarrosum JN000208.1 
Sphagnum squarrosum AY309772.1 
Sphagnum subnitens AY309775.1 
Sphagnum tenerum AY309776.1 
Sphagnum warnstorfii SB580 DUKE 9818 
Sphagnum wulfianum AY309778.1 
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Doctoral theses in Biology 
Norwegian University of Science and Technology 
Department of Biology 
 
 
  
Year Name Degree Title 
1974 Tor-Henning Iversen 
Dr. philos 
Botany 
The roles of statholiths, auxin transport, and auxin 
metabolism in root gravitropism 
1978 Tore Slagsvold Dr. philos Zoology 
Breeding events of birds in relation to spring temperature 
and environmental phenology 
1978 Egil Sakshaug Dr. philos Botany 
"The influence of environmental factors on the chemical 
composition of cultivated and natural populations of marine 
phytoplankton" 
1980 Arnfinn Langeland 
Dr. philos 
Zoology 
Interaction between fish and zooplankton populations and 
their effects on the material utilization in a freshwater lake 
1980 Helge Reinertsen Dr. philos Botany 
The effect of lake fertilization on the dynamics and stability 
of a limnetic ecosystem with special reference to the 
phytoplankton 
1982 Gunn Mari Olsen Dr. scient Botany 
Gravitropism in roots of Pisum sativum and Arabidopsis 
thaliana 
1982 Dag Dolmen Dr. philos Zoology 
Life aspects of two sympartic species of newts (Triturus, 
Amphibia) in Norway, with special emphasis on their 
ecological niche segregation 
1984 Eivin Røskaft Dr. philos Zoology Sociobiological studies of the rook Corvus frugilegus 
1984 Anne Margrethe Cameron 
Dr. scient 
Botany 
Effects of alcohol inhalation on levels of circulating 
testosterone, follicle stimulating hormone and luteinzing 
hormone in male mature rats 
1984 Asbjørn Magne Nilsen 
Dr. scient 
Botany 
Alveolar macrophages from expectorates – Biological 
monitoring of workers exosed to occupational air pollution. 
An evaluation of the AM-test 
1985 Jarle Mork Dr. philos Zoology Biochemical genetic studies in fish 
1985 John Solem Dr. philos Zoology 
Taxonomy, distribution and ecology of caddisflies 
(Trichoptera) in the Dovrefjell mountains 
1985 Randi E. Reinertsen 
Dr. philos 
Zoology 
Energy strategies in the cold: Metabolic and 
thermoregulatory adaptations in small northern birds 
1986 Bernt-Erik Sæther 
Dr. philos 
Zoology 
Ecological and evolutionary basis for variation in 
reproductive traits of some vertebrates: A comparative 
approach 
1986 Torleif Holthe Dr. philos Zoology 
Evolution, systematics, nomenclature, and zoogeography in 
the polychaete orders Oweniimorpha and Terebellomorpha, 
with special reference to the Arctic and Scandinavian fauna 
1987 Helene Lampe Dr. scient Zoology 
The function of bird song in mate attraction and territorial 
defence, and the importance of song repertoires 
1987 Olav Hogstad Dr. philos Zoology Winter survival strategies of the Willow tit Parus montanus 
1987 Jarle Inge Holten Dr. philos Botany 
Autecological investigations along a coust-inland transect at 
Nord-Møre, Central Norway 
1987 Rita Kumar Dr. scient Botany 
Somaclonal variation in plants regenerated from cell cultures 
of Nicotiana sanderae and Chrysanthemum morifolium 
1987 Bjørn Åge Tømmerås 
Dr. scient 
Zoology 
Olfaction in bark beetle communities: Interspecific 
interactions in regulation of colonization density, predator - 
prey relationship and host attraction 
1988 Hans Christian Pedersen 
Dr. philos 
Zoology 
Reproductive behaviour in willow ptarmigan with special 
emphasis on territoriality and parental care 
1988 Tor G. Heggberget 
Dr. philos 
Zoology 
Reproduction in Atlantic Salmon (Salmo salar): Aspects of 
spawning, incubation, early life history and population 
structure 
1988 Marianne V. Nielsen 
Dr. scient 
Zoology 
The effects of selected environmental factors on carbon 
allocation/growth of larval and juvenile mussels (Mytilus 
edulis) 
1988 Ole Kristian Berg Dr. scient Zoology 
The formation of landlocked Atlantic salmon (Salmo salar 
L.) 
1989 John W. Jensen Dr. philos Zoology 
Crustacean plankton and fish during the first decade of the 
manmade Nesjø reservoir, with special emphasis on the 
effects of gill nets and salmonid growth 
1989 Helga J. Vivås Dr. scient Zoology 
Theoretical models of activity pattern and optimal foraging: 
Predictions for the Moose Alces alces 
1989 Reidar Andersen Dr. scient Zoology 
Interactions between a generalist herbivore, the moose Alces 
alces, and its winter food resources: a study of behavioural 
variation 
1989 Kurt Ingar Draget Dr. scient Botany Alginate gel media for plant tissue culture 
1990 Bengt Finstad Dr. scient Zoology 
Osmotic and ionic regulation in Atlantic salmon, rainbow 
trout and Arctic charr: Effect of temperature, salinity and 
season 
1990 Hege Johannesen Dr. scient Zoology 
Respiration and temperature regulation in birds with special 
emphasis on the oxygen extraction by the lung 
1990 Åse Krøkje Dr. scient Botany 
The mutagenic load from air pollution at two work-places 
with PAH-exposure measured with Ames 
Salmonella/microsome test 
1990 Arne Johan Jensen 
Dr. philos 
Zoology 
Effects of water temperature on early life history, juvenile 
growth and prespawning migrations of Atlantic salmion 
(Salmo salar) and brown trout (Salmo trutta): A summary of 
studies in Norwegian streams 
1990 Tor Jørgen Almaas 
Dr. scient 
Zoology 
Pheromone reception in moths: Response characteristics of 
olfactory receptor neurons to intra- and interspecific 
chemical cues 
1990 Magne Husby Dr. scient Zoology 
Breeding strategies in birds: Experiments with the Magpie 
Pica pica 
1991 Tor Kvam Dr. scient Zoology 
Population biology of the European lynx (Lynx lynx) in 
Norway 
1991 Jan Henning L'Abêe Lund 
Dr. philos 
Zoology 
Reproductive biology in freshwater fish, brown trout Salmo 
trutta and roach Rutilus rutilus in particular 
1991 Asbjørn Moen Dr. philos Botany 
The plant cover of the boreal uplands of Central Norway. I. 
Vegetation ecology of Sølendet nature reserve; haymaking 
fens and birch woodlands 
1991 Else Marie Løbersli 
Dr. scient 
Botany Soil acidification and metal uptake in plants 
1991 Trond Nordtug Dr. scient Zoology 
Reflectometric studies of photomechanical adaptation in 
superposition eyes of arthropods 
1991 Thyra Solem Dr. scient Botany 
Age, origin and development of blanket mires in Central 
Norway 
1991 Odd Terje Sandlund 
Dr. philos 
Zoology 
The dynamics of habitat use in the salmonid genera 
Coregonus and Salvelinus: Ontogenic niche shifts and 
polymorphism 
1991 Nina Jonsson Dr. philos Zoology Aspects of migration and spawning in salmonids 
1991 Atle Bones Dr. scient Botany 
Compartmentation and molecular properties of thioglucoside 
glucohydrolase (myrosinase) 
1992 Torgrim Breiehagen 
Dr. scient 
Zoology 
Mating behaviour and evolutionary aspects of the breeding 
system of two bird species: the Temminck's stint and the 
Pied flycatcher 
1992 Anne Kjersti Bakken 
Dr. scient 
Botany 
The influence of photoperiod on nitrate assimilation and 
nitrogen status in timothy (Phleum pratense L.) 
1992 Tycho Anker-Nilssen 
Dr. scient 
Zoology 
Food supply as a determinant of reproduction and population 
development in Norwegian Puffins Fratercula arctica 
1992 Bjørn Munro Jenssen 
Dr. philos 
Zoology 
Thermoregulation in aquatic birds in air and water: With 
special emphasis on the effects of crude oil, chemically 
treated oil and cleaning on the thermal balance of ducks 
1992 Arne Vollan Aarset 
Dr. philos 
Zoology 
The ecophysiology of under-ice fauna: Osmotic regulation, 
low temperature tolerance and metabolism in polar 
crustaceans. 
1993 Geir Slupphaug Dr. scient Botany 
Regulation and expression of uracil-DNA glycosylase and 
O6-methylguanine-DNA methyltransferase in mammalian 
cells 
1993 Tor Fredrik Næsje 
Dr. scient 
Zoology Habitat shifts in coregonids. 
1993 Yngvar Asbjørn Olsen 
Dr. scient 
Zoology 
Cortisol dynamics in Atlantic salmon, Salmo salar L.: Basal 
and stressor-induced variations in plasma levels ans some 
secondary effects. 
1993 Bård Pedersen Dr. scient Botany 
Theoretical studies of life history evolution in modular and 
clonal organisms 
1993 Ole Petter Thangstad 
Dr. scient 
Botany Molecular studies of myrosinase in Brassicaceae 
1993 Thrine L. M. Heggberget 
Dr. scient 
Zoology 
Reproductive strategy and feeding ecology of the Eurasian 
otter Lutra lutra. 
1993 Kjetil Bevanger Dr. scient Zoology 
Avian interactions with utility structures, a biological 
approach. 
1993 Kåre Haugan Dr. scient Botany 
Mutations in the replication control gene trfA of the broad 
host-range plasmid RK2 
1994 Peder Fiske Dr. scient Zoology 
Sexual selection in the lekking great snipe (Gallinago 
media): Male mating success and female behaviour at the lek 
1994 Kjell Inge Reitan Dr. scient Botany 
Nutritional effects of algae in first-feeding of marine fish 
larvae 
1994 Nils Røv Dr. scient Zoology 
Breeding distribution, population status and regulation of 
breeding numbers in the northeast-Atlantic Great Cormorant 
Phalacrocorax carbo carbo 
1994 Annette-Susanne Hoepfner 
Dr. scient 
Botany 
Tissue culture techniques in propagation and breeding of Red 
Raspberry (Rubus idaeus L.) 
1994 Inga Elise Bruteig Dr. scient Botany 
Distribution, ecology and biomonitoring studies of epiphytic 
lichens on conifers 
1994 Geir Johnsen Dr. scient Botany 
Light harvesting and utilization in marine phytoplankton: 
Species-specific and photoadaptive responses 
1994 Morten Bakken Dr. scient Zoology 
Infanticidal behaviour and reproductive performance in 
relation to competition capacity among farmed silver fox 
vixens, Vulpes vulpes 
1994 Arne Moksnes Dr. philos Zoology Host adaptations towards brood parasitism by the Cockoo 
1994 Solveig Bakken Dr. scient Botany 
Growth and nitrogen status in the moss Dicranum majus Sm. 
as influenced by nitrogen supply 
1994 Torbjørn Forseth Dr. scient Zoology Bioenergetics in ecological and life history studies of fishes. 
1995 Olav Vadstein Dr. philos Botany 
The role of heterotrophic planktonic bacteria in the cycling 
of phosphorus in lakes: Phosphorus requirement, competitive 
ability and food web interactions 
1995 Hanne Christensen 
Dr. scient 
Zoology 
Determinants of Otter Lutra lutra distribution in Norway: 
Effects of harvest, polychlorinated biphenyls (PCBs), human 
population density and competition with mink Mustela vision 
1995 Svein Håkon Lorentsen 
Dr. scient 
Zoology 
Reproductive effort in the Antarctic Petrel Thalassoica 
antarctica; the effect of parental body size and condition 
1995 Chris Jørgen Jensen 
Dr. scient 
Zoology 
The surface electromyographic (EMG) amplitude as an 
estimate of upper trapezius muscle activity 
1995 Martha Kold Bakkevig 
Dr. scient 
Zoology 
The impact of clothing textiles and construction in a clothing 
system on thermoregulatory responses, sweat accumulation 
and heat transport 
1995 Vidar Moen Dr. scient Zoology 
Distribution patterns and adaptations to light in newly 
introduced populations of Mysis relicta and constraints on 
Cladoceran and Char populations 
1995 
Hans 
Haavardsholm 
Blom 
Dr. philos 
Botany 
A revision of the Schistidium apocarpum complex in 
Norway and Sweden 
1996 Jorun Skjærmo Dr. scient Botany 
Microbial ecology of early stages of cultivated marine fish; 
inpact fish-bacterial interactions on growth and survival of 
larvae 
1996 Ola Ugedal Dr. scient Zoology Radiocesium turnover in freshwater fishes 
1996 Ingibjørg Einarsdottir 
Dr. scient 
Zoology 
Production of Atlantic salmon (Salmo salar) and Arctic charr 
(Salvelinus alpinus): A study of some physiological and 
immunological responses to rearing routines 
1996 Christina M. S. Pereira 
Dr. scient 
Zoology 
Glucose metabolism in salmonids: Dietary effects and 
hormonal regulation 
1996 Jan Fredrik Børseth 
Dr. scient 
Zoology 
The sodium energy gradients in muscle cells of Mytilus 
edulis and the effects of organic xenobiotics 
1996 Gunnar Henriksen 
Dr. scient 
Zoology 
Status of Grey seal Halichoerus grypus and Harbour seal 
Phoca vitulina in the Barents sea region 
1997 Gunvor Øie Dr. scient Botany 
Eevalution of rotifer Brachionus plicatilis quality in early 
first feeding of turbot Scophtalmus maximus L. larvae 
1997 Håkon Holien Dr. scient Botany 
Studies of lichens in spurce forest of Central Norway. 
Diversity, old growth species and the relationship to site and 
stand parameters 
1997 Ole Reitan  Dr. scient Zoology Responses of birds to habitat disturbance due to damming 
1997 Jon Arne Grøttum  Dr. scient Zoology 
Physiological effects of reduced water quality on fish in 
aquaculture 
1997 Per Gustav Thingstad  
Dr. scient 
Zoology 
Birds as indicators for studying natural and human-induced 
variations in the environment, with special emphasis on the 
suitability of the Pied Flycatcher 
1997 Torgeir Nygård  Dr. scient Zoology 
Temporal and spatial trends of pollutants in birds in Norway: 
Birds of prey and Willow Grouse used as 
1997 Signe Nybø  Dr. scient Zoology 
Impacts of long-range transported air pollution on birds with 
particular reference to the dipper Cinclus cinclus in southern 
Norway 
1997 Atle Wibe  Dr. scient Zoology 
Identification of conifer volatiles detected by receptor 
neurons in the pine weevil (Hylobius abietis), analysed by 
gas chromatography linked to electrophysiology and to mass 
spectrometry 
1997 Rolv Lundheim  Dr. scient Zoology Adaptive and incidental biological ice nucleators    
1997 Arild Magne Landa 
Dr. scient 
Zoology 
Wolverines in Scandinavia: ecology, sheep depredation and 
conservation 
1997 Kåre Magne Nielsen 
Dr. scient 
Botany 
An evolution of possible horizontal gene transfer from plants 
to sail bacteria by studies of natural transformation in 
Acinetobacter calcoacetius 
1997 Jarle Tufto  Dr. scient Zoology 
Gene flow and genetic drift in geographically structured 
populations: Ecological, population genetic, and statistical 
models 
1997 Trygve Hesthagen  
Dr. philos 
Zoology 
Population responces of Arctic charr (Salvelinus alpinus 
(L.)) and brown trout (Salmo trutta L.) to acidification in 
Norwegian inland waters 
1997 Trygve Sigholt  Dr. philos Zoology 
Control of  Parr-smolt transformation and seawater tolerance 
in farmed Atlantic Salmon (Salmo salar) Effects of 
photoperiod, temperature, gradual seawater acclimation, 
NaCl and betaine in the diet 
1997 Jan Østnes  Dr. scient Zoology Cold sensation in adult and neonate birds 
1998 Seethaledsumy Visvalingam 
Dr. scient 
Botany 
Influence of environmental factors on myrosinases and 
myrosinase-binding proteins 
1998 Thor Harald Ringsby 
Dr. scient 
Zoology 
Variation in space and time: The biology of a House sparrow 
metapopulation 
1998 Erling Johan Solberg 
Dr. scient 
Zoology 
Variation in population dynamics and life history in a 
Norwegian moose (Alces alces) population: consequences of 
harvesting in a variable environment 
1998 Sigurd Mjøen Saastad 
Dr. scient 
Botany 
Species delimitation and phylogenetic relationships between 
the Sphagnum recurvum complex (Bryophyta): genetic 
variation and phenotypic plasticity 
1998 Bjarte Mortensen Dr. scient Botany 
Metabolism of volatile organic chemicals (VOCs) in a head 
liver S9 vial  equilibration system in vitro 
1998 Gunnar Austrheim 
Dr. scient 
Botany 
Plant biodiversity and land use in subalpine grasslands. – A 
conservtaion biological approach 
1998 Bente Gunnveig Berg 
Dr. scient 
Zoology 
Encoding of pheromone information in two related moth 
species 
1999 Kristian Overskaug 
Dr. scient 
Zoology 
Behavioural and morphological characteristics in Northern 
Tawny Owls Strix aluco: An intra- and interspecific 
comparative approach 
1999 Hans Kristen Stenøien 
Dr. scient 
Botany 
Genetic studies of evolutionary processes in various 
populations of nonvascular plants (mosses, liverworts and 
hornworts) 
1999 Trond Arnesen Dr. scient Botany 
Vegetation dynamics following trampling and burning in the 
outlying haylands at Sølendet, Central Norway 
1999 Ingvar Stenberg Dr. scient Zoology 
Habitat selection, reproduction and survival in the White-
backed Woodpecker Dendrocopos leucotos 
1999 Stein Olle Johansen 
Dr. scient 
Botany 
A study of driftwood dispersal to the Nordic Seas by 
dendrochronology and wood anatomical analysis 
1999 Trina Falck Galloway 
Dr. scient 
Zoology 
Muscle development and growth in early life stages of the 
Atlantic cod (Gadus morhua L.) and Halibut (Hippoglossus 
hippoglossus L.) 
1999 Marianne Giæver Dr. scient Zoology 
Population genetic studies in three gadoid species: blue 
whiting (Micromisistius poutassou), haddock 
(Melanogrammus aeglefinus) and cod (Gradus morhua) in 
the North-East Atlantic 
1999 Hans Martin Hanslin 
Dr. scient 
Botany 
The impact of environmental conditions of density 
dependent performance in the boreal forest bryophytes 
Dicranum majus, Hylocomium splendens, Plagiochila 
asplenigides, Ptilium crista-castrensis and Rhytidiadelphus 
lokeus 
1999 Ingrid Bysveen Mjølnerød 
Dr. scient 
Zoology 
Aspects of population genetics, behaviour and performance 
of wild and farmed Atlantic salmon (Salmo salar) revealed 
by molecular genetic techniques 
1999 Else Berit Skagen Dr. scient Botany 
The early regeneration process in protoplasts from Brassica 
napus hypocotyls cultivated under various g-forces 
1999 Stein-Are Sæther Dr. philos Zoology 
Mate choice, competition for mates, and conflicts of interest 
in the Lekking Great Snipe 
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